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ABSTRACT
This work presents an application where Templated Assembly by Selective
Removal (TASR) was used to assemble spherical components of two different
sizes onto a common substrate according to a specific layout. TASR is a
potential rapid, cost effective, and large scale parallel nanomanufacturing
method. It consists of patterning a template into shapes complementary to
the components to be assembled, and then using adhesion and fluid flow to
selectively keep the components in certain locations on the substrate and
remove them from all other locations. Adhesion is induced by growing self
assembled monolayers (SAMs) on the components and template which are
then placed in an assembly mixture of water and acetone. Fluid flow is
induced by subjecting the assembly mixture to an acoustic wave generated by
an ultrasonic transducer. Assembly is achieved only in the sites which match
the shapes of the components, where retention due to adhesion dominates
over removal due to fluid flow.
The thesis presents an experiment in which TASR is used to assemble 636 nm
and 2 pm diameter silica spheres on a silicon oxide layer grown and patterned
on a silicon substrate. The SAM precursor used is OTC. The experiment is
conducted using varying water concentrations in the assembly mixture and
varying input voltages to the acoustic transducer. The results show that the
yield, or the degree to which assembly takes place, can be selectively high, on
the order of 90% for components in matching sites, and not more than 10% for
components in non-matching sites. A first order theoretical model developed
by Jung [21] is adjusted and used to explain the experimental results. Yield is
found to be mostly a function of the ratio of the adhesive retention moment to
the fluidic removal moment attempting to roll the components along the
substrate. The correlation also predicts that when sufficiently high values of
this ratio are reached (about 8 nominally), while simultaneously assuring
appropriate stirring of the assembly mixture, full, selective yield can be
achieved. The success of the experiment demonstrates the feasibility of using
TASR in practical applications for building functional nanodevices having
different component shapes and sizes. The verification of the model
enhances the understanding of the process and facilitates the building of
such devices.
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CHAPTER 1
Self Assembi: Context Motivation,
and Methods
1.1 Introduction
Nanoscale devices and their potential applications have been
increasingly occupying a significant portion of mainstream scientific research
over the past years. In a broad sense, any devices containing functional
components whose sizes are in the range of 1 nm to about 1 pm can be
classified as nanodevices. These devices offer a wide range of advantages
compared to their macroscale and even microscale counterparts. They
consume less power, occupy less space, and may be amenable to mass
manufacturing at relatively lower costs. Most importantly, they are regarded
to be among the few available options that would allow the continued
technological development in certain scientific, medical, and industrial fields,
such as the semiconductor industry or biotechnological products.
Nanodevices can be fashioned from materials that have a wide diversity in
properties compared to bulk materials, due to their quantum scale effects at
small length [1]. These devices can thus exhibit unique functions which are
absent at larger scales. Some scientists have gone as far as considering
nanodevices to be "the critical enablers that will allow mankind to exploit the
ultimate technological capabilities of electronic, magnetic, mechanical, and
biological systems [2]."
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To be able to make use of the advantages which these devices offer,
research has taken an increasing interest in finding ways for their successful,
reliable, and cost-effective manufacturing. One approach has been the
expansion of fabrication techniques used for IC's (integrated circuits) and
MEMS (micro electro mechanical systems) to include the fabrication of
nanosystems. This approach, typically knows as the top-down approach,
starts from a semiconductor based wafer and subjects it to alternating steps of
lithography, deposition, material removal, and wafer bonding, to end up with
a fully functional micro- or nano-system where all the parts are manufactured
in-situ. While it works well for many microsystems, this approach faces a
number of physical limitations, and involves a lot of complexity in processing,
leading to increased costs, as it is extrapolated to smaller scales. Wavelength
limits in the techniques used for lithographic exposure, and misalignments in
masks between different fabrication steps, which can be on the order of
hundreds of nanometers, often render these techniques inappropriate for
certain applications. Most importantly, nanosystems often consist of
assemblies of hybrid components whose simultaneous manufacturing on a
single chip is often difficult, if at all achievable. Many of these components
require extreme thermal or chemical conditions to be fabricated, and these
conditions are often damaging to other parts. This prevents the monolithic
integration of the whole system due to poor compatibility between its
components' fabrication processes or materials.
An alternative approach, known as the bottom-up approach, starts
from the individual, minuscule building blocks (such as molecules or
14
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nanoparticles) and combines them into larger clusters to form hybrid
functional systems. The individual elements are usually produced using basic
physical and chemical mechanisms, and are then removed from their original
sources and assembled together. Using this bottom-up approach, some
limitations present in the top-down approach can be avoided, such as the
limit on resolution posed by the wavelength of the light source used in the
case of optical lithography. The bottom-up approach also allows experimental
and manufacturing simplicity down to the molecular size scale [3].
A method derived from the latter approach is nanoassembly, in which
individual nanoscale components are fabricated separately and then
assembled onto a common substrate which acts as a platform for the overall
system. Although it uses the bottom-up concept dominantly for assembly,
the top-down approach may enter into the fabrication processes of the
nanocomponents or the patterning of the common substrate.
Nanoassembly can be either serial, consisting of picking up the
individual components and placing them in their desired positions on the
substrate using nanomanipulators, or parallel, involving the simultaneous
placing of many different nanocomponents in their corresponding locations
on the target wafer. Parallel assembly is more attractive from a cost-effective
and mass manufacturing viewpoint and avoids the complexity resulting from
the need for nanomanipulators, which in turn have limitations in their
fabrication processes and operation as well.
Parallel assembly can furthermore be divided into two categories:
deterministic and stochastic. Deterministic parallel assembly is based on
15
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direct wafer to wafer transfer of microstructures. Its success is thus tied to the
accuracy in achieving good alignment between the wafers and to the ability to
bond the nanocomponents preferentially to the target wafer. Stochastic
parallel assembly, on the other hand, uses various approaches, all based on
the concept of energy minimization, to orient an initially random array of
nanocomponents and assemble it on a substrate. In other words, the driving
force behind stochastic parallel assembly is the fact that it reduces the total
free energy of the system [4].
16
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1.2 Self Assembly: Concept and Merits
The term 'self assembly' has been used in nanotechnology-related
literature to convey different meanings. In many cases it has been used simply
to imply "formation." In this paper we use the term in a more specific context.
We limit 'self assembly' to processes that involve pre-existing components,
where the spontaneous or partially-guided self organization of these
components simultaneously leads to structured higher order systems. The
design of these components is the key to making the self assembly process
meet the desired applications. When used in the context of nanofabrication,
self assembly is thus analogous to stochastic parallel assembly.
Self assembly is driven by energy minimization based on the
information coded in the individual constituents of the system to be
assembled. This information content can be in the form of shape, surface
properties, charge, polarizability, magnetic properties, mass, etc... [5]
Regardless of the form it takes, this content determines the interaction
between the constituent parts. The interaction occurs in a way to minimize the
overall free energy of the system after assembly.
Self assembly is not restricted to the world of nanofabrication. Nature
exhibits various instances of self assembly. This can be seen in a living cell,
whose components replicate and assemble into another cell during mitosis. It
can be seen in colonies of living organisms such as swarms of ants or schools
of fish. It can be seen in nonliving structures as well, extending from the
atomic scale, such as ionic and molecular crystals, to the extreme limits of the
macroscale, such as solar systems and galaxies [5].
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The concept of self assembly has been used in a variety of ways in
nanotechnology to create different systems. Self assembly possesses a number
of characteristics which make it suitable for nanofabrication [3, 4, 6]:
* It has the ability to assemble components into functional systems
* It is parallel in nature, assembling many components and producing
many systems simultaneously, which makes it suitable for mass
production.
* It is fast and cost effective by virtue of its parallel nature
* It is generally not affected by certain limitations present in the top-
down approach such as the constraint on resolution due to optical
lithography, unless the top-down approach enters somewhere in the
assembly method
* It can produce structures with sub-nanometer precision and is more
scale independent than other fabrication techniques, such as serial
assembly or deterministic parallel assembly. This feature is particularly
important at the nanoscale, where the manipulation of individual
components becomes exceedingly difficult.
* It allows for the separate fabrication of the constituent elements, and
thus is not affected by incompatibilities (thermal, chemical, etc... )in the
component fabrication processes
* The fabrication process for each component can be optimized
separately
* The yield losses from long integrated processes are eliminated. Here,
each component can be tested independently after fabrication and
18
1.2 Self Assembly: Concepts and Merits
discarded if found to be defective, prior to assembly, without affecting
the overall device.
* It can structure components in three dimensions and is not limited to
in-plane fabrication
* In contrast to deterministic parallel assembly, it allows for the
decoupling of the donor substrates from which the components are
fabricated, and the target substrate where they are assembled. This
allows the layout of expensive donor substrates to be optimized to use
the least area, regardless of the desired layout that the components
produced from these expensive wafers are to have on the target.
" The fact that external forces and constraints can alter the outcome of a
self assembly process can be used to de-assemble and re-configure a
system on demand.
" The spectrum of materials of which the components and substrate to be
assembled using this technique can be made is very wide.
19
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Various methods aimed at the self assembly of components in the
nano- to micro- scale have been proposed in the literature. In what follows we
discuss some of these methods briefly.
1.3.1 Capillarity-based Self Assembly
This type of self assembly, as the name implies, is based on the action
of capillary forces, often manifested through the phenomena of adhesion and
dewetting. The target substrate and the components are functionalized by
coating them with a self assembled monolayer (SAM) which makes their
surfaces hydrophobic. As will be discussed in detail in Chapter 2, certain
kinds of SAMs are capable of producing hydrophobic surfaces which have the
tendency to adhere to each other in the presence of a water-based medium to
minimize their interfacial free energy. The substrate is selectively coated with
the SAM by patterning it using lithographic techniques. A hydrophobic
adhesive layer is then passed over the substrate in the presence of water
which makes it adhere to the SAM-functionalized binding sites only. The
components are then poured into the water and they, in turn, stick to the
areas covered by the adhesive, in order to minimize their interfacial energy.
Permanent assembly is achieved by curing the adhesive layer at a high
temperature or using ultraviolet light.
An example of the above method is given by Lieneman et al. [7] in
which a gold layer was deposited and patterned on a silicon substrate using
lithography and lift-off. A SAM was then chemically grown on the gold
20
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covered areas, rendering them hydrophobic. A polymer based lubricant,
acting as an adhesive, was spread over the substrate. The substrate was then
immersed in water, which caused the lubricant to remain only over the
hydrophobic sites on the substrate while water replaced it in the other
locations. Nonfunctionalized components, in the form of square silicon
microparts, were then poured into the water, causing them to bind only to the
sites covered by the lubricant. This was followed by curing of the lubricant to
achieve permanent assembly. A very similar approach was used by
Srinivasan et al. [8] to assemble micromirrors (as components) onto
microactuators (as the substrate), the only difference being that one surface of
the components was also coated with the SAM to make the components
assemble on that surface preferentially.
A variant on the above method is capillarity-based assembly that is
template assisted. In one version of this process, the substrate is patterned
lithographically to match the shapes of the components to be assembled either
individually or as clusters. In other words, the pattern on the substrate
becomes complementary of the shapes of the components. The process
described above is then repeated, namely coating the template and the
components selectively with SAMs, covering the coated sites on the template
with an adhesive lubricant by immersion in a water medium, pouring the
components into the water above the template to induce selective assembly at
the adhesive covered sites, and then curing the adhesive. This method was
used by Whitesides et al. [9] to assemble groups of hexagonal plates on a
complementarily patterned template. An advantage of this method is that it
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allows three dimensional assemblies with different configurations if the SAM
is patterned in a way to allow the adhesive to cover different edges of the
template topography. The non-templated case, on the other hand, only allows
the adhesive to cover the planar surface of the substrate.
1.3.2 Fluidic Self Assembly
This method relies on fluidic and/or gravitational forces as well as
shape matching between components and substrate to achieve assembly.
In one version of this approach, a substrate is patterned into 3-D
shapes complementary of those of the components to be assembled. The
components, carried in a fluidic medium, are introduced into the template by
pumping or stirring the fluid. This fluid motion causes the components to
assemble in their appropriate locations after several collisions with the
template. Once assembled, the components are held in place by means of
gravity, acting on the density difference between the components and the
fluid, as well as Van der Wals forces between the components and substrate.
These forces are supplemented by capillary forces of thin water layers once
the fluidic medium is dried. The top surface of the parts ends up planar with
the substrates. To achieve assembly of the components on certain sides and
not others, the components can be chosen to have tapered shapes, and the
substrate is patterned accordingly, to contain, for example, inverted
trapezoidal cavities. This approach was used by Smith et al. [10] to self
assemble light emitting diodes into a silicon substrate. The substrate surface,
whose planarity was regained at the end of the assembly process, was
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patterned with a polymer coating to permanently affix the parts. This
planarity allowed electrical connections to be made later using
photolithographic techniques.
In another version of fluidic templated assembly, a substrate with a
hydrophobic surface (such as silicon) is patterned to contain "traps" for the
components to be assembled. The traps are in the form of small holes in the
substrate having different configurations, and designed to contain clusters of
the components. The components are then introduced into the template in
suspension in a liquid slug. As the slug dewets from the surface and moves
under the action of capillarity, the components are forced into the traps by
means of this liquid meniscus and are retained there. Once a trap is filled, the
components move with the slug until they reach the next available spot where
they can assemble, and the above process is repeated. By properly controlling
the shapes and topography of these traps, colloids of components of many
different configurations can be assembled. This approach was created and
used by Xia et al. in [11] to assemble polymer and silica beads into polygonal
and polyhedral clusters and linear, zigzag, and spiral chains.
Note that, contrary to the capillarity-based self assembly approaches in
the previous section, the fluidic assembly approaches presented here do not
involve any adhesion layer between the substrate and components, despite
their use of capillary forces either as secondary retaining forces or as means to
move the liquid.
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1.3.3 Electrostatic Self Assembly
In this method, the components to be assembled are charged
oppositely to the substrate, which is charged in specific locations only, and
then both the components and substrate are suspended in a fluid. Since
oppositely charged objects attract each other, the components will be
assembled in the desired locations.
In the paper by Tien et al. [12], the charged particles were obtained by
electroplating gold into cavities of patterned photoresist, releasing the gold
into ethanol, and then modifying their surface by coating them with charged
alkanethiols, which are another type of SAMs that are capable of carrying a
net charge and providing it to a surface. The surface of the template was also
charged in selective locations by coating and patterning with SAMs. Then the
gold particles were stirred in fluid suspension over the patterned template,
and they selectively assembled to regions presenting the opposite charge. An
advantage of this method is the fact that the assemblies formed by
electrostatic attraction can exist over longer distances compared to
intermolecular attraction forces.
A slightly different approach used by Grzybowski et al. [13] consisted
of charging two types of polymer-based spherical particles using contact
electrification, i.e. agitation on flat, metallic surfaces that causes the spheres to
charge with opposite electrical polarities. Interaction between the spheres was
then generated by vibrating the container holding them using a linear
magnetic motor. The interplay of repulsive forces between like charged
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components and attractive forces between oppositely charged ones lead to the
self assembly of the spheres into highly ordered systems.
1.3.4 Magnetic Self Assembly
This method is analogous to electrostatic self assembly, with the
difference that ferromagnetism in the components and template is used
instead of electric charge to cause assembly.
Yellen et al. [14] have used this approach to assemble magnetic beads
(as components) onto a silicon substrate covered with a cobalt layer which
was magnetized using an external permanent magnet. It was also shown that
patterning the substrate to have magnetized spots in the form of microwells,
in addition to applying an external magnetic field, assisted the assembly
process by directing the motion of the beads, improving the control over their
spatial distribution, and determining how many of them filled any given spot.
In another work by Love et al. [15], rods fabricated to contain
alternating ferromagnetic and diamagnetic sections, spontaneously assembled
after magnetization into stable three dimensional bundles in the absence of an
external magnetic field, due to their internal interactions. The shapes of these
bundles could be manipulated by varying the magnetic profile of each
component.
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1.4 Self Assembly Applications
Self assembly can be used for constructing nanodevices which perform
a wide array of generic functions, in addition to the specific applications
mentioned in Section 2.2 (such as the light emitting diodes in Section 2.2.3). In
what follows, some of the potential applications where self assembly might be
employed are discussed. However, we stress that these are just applications
which might be amenable to self assembly, and that the feasibility of using
various assembly approaches must be studied more thoroughly for each
application.
1.4.1 Electronic Applications
Self assembly has many electronic applications, of which we will
discuss the broad category of single electron devices, memory and logic
applications, in addition to electrical connections.
1.4.1.1 Single electron devices
Single electron devices are electronic devices which exhibit the
Coulomb blockade effect. A thorough discussion of the physics behind this
effect is given by Likharev in [16] and is beyond the scope of this text. Here
we limit ourselves to a very general description of these devices. The
Coulomb blockade effect is characterized by the quantized transfer of
electrons between small conducting elements traditionally referred to as
islands. The charging energy, due to electron transfer, of each of these islands
is found to be inversely proportional to their capacitance, which for spherical
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islands is directly proportional to radius. For all but very small island sizes,
thermal energy fluctuations on the order of kbT, where kb is the Boltzmann's
constant and T is the absolute temperature of the island in Kelvin, are found
to obscure single electron effects. However, as the island size is decreased, the
quantized energy, required to add an electron to the island, becomes
substantial. For spherical islands with diameters less than about 10 nm, the
island capacitance becomes on the order of 10-18 F, causing single electron
effects to become visible at room temperature. Islands this small are often
called quantum dots.
These effects lead to a number of useful electronic devices, such as
single electron boxes, traps, transistors, pumps, and oscillators. A single
electron box allows discretized addition and substraction of single electrons to
the device by the manipulation of an external voltage, and can be used for
applications that require accurate charge measurements. A single electron
trap is very similar to a single electron box. The main difference is that it
contains arrays of islands which are used to acquire and keep electrons by the
manipulation of an external voltage that depends on the array's charge
history. This leads to the exhibition of a memory effect, where one electron
becomes equivalent to one bit of information. A single electron transistor and
pump both contain three electrodes: a gate, a drain, and a source. For the
transistor case, gate voltage manipulation, with DC drain-source voltage
biasing, causes the amplification of electric current by means of controlled
electron transfer, making the device act as a small-scale field effect transistor
(FET). For the pump case, RF waveform gate voltages produce a potential
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wave which picks up discrete electrons from the source and carries them to
the drain, without the need for a DC drain-source voltage bias. Single electron
oscillators can be used to generate narrowband oscillations with frequency
proportional to input DC current once the applied DC voltage exceeds a
threshold value, by introducing an Ohmic resistor into the single electron box
[16].
All these devices require the utilization of nanoscale components to be
able to operate at room temperatures. In addition, accurate placement, to
within a few nanometers, of these components is necessary for proper
operation. Also, electrical connections need to be made to the components to
allow the transmission of signals. All these factors make self assembly an
attractive approach for fabricating these devices. Metal and semiconductor
nanoparticles can be prepared in solutions with diameters as small as 1 nm.
They can be functionalized by surface treatments to modify or enhance their
chemical or electrical functionality. These nanoparticles can be assembled,
individually or as arrays, using techniques similar to those outlined earlier.
They can then be immobilized with tight spatial precision between
electrostatic thin films, leading to functional devices. Connections to these
devices may be made using clusters of conducting nanoparticles or other
configurations of nanostructures such as nanotubes or nanorods [1].
1.4.1.2 Memory and logic devices
Nanoscaling of traditional memory and logic devices such dynamic
random access memory (DRAM), flash memory, or FETs is highly desirable
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for sustaining the projected progress in semiconductor technology. Such
scaling allows these devices to have higher switching speeds and lower
power consumption, and also allows the integration of larger numbers of
these devices on a given chip area, leading to larger device densities.
Nanotubes and nanowires are particularly promising in this respect, where
both have been used, in proof of concept demonstrations, for the construction
of field effect transistors, logic elements, and memory cells with reasonable
characteristics [17]. Further research is still required in this area, but
nevertheless, self assembly is among the best-suited techniques for
manufacturing devices with these kinds of components. This is due to the
same scale, positioning, electrical connection, and parallel production
constraints described in the previous section.
1.4.1.3 Electrical connections
Two and three dimensional arrays of colloidal metal particles can be
arranged using self assembly into electrode and wire configurations.
Nanotubes and nanowires can also be used for the same purpose. High
electrical conductivity, which is required for electrical connections, can be
achieved by assembling densely packed multilayers of these colloid
structures. Also this kind of assembly allows a high degree of flexibility in
laying out the shapes of the connections to be able to transmit signals between
micro- or meso-scale ports and nanoscale internal units. Parallel and serial
electrical networks can be achieved by properly controlling the architecture of
these connections [1].
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1.4.2 Sensing Applications
Self assembly can be potentially used to manufacture nanodevices with
sensor functions. Nanoparticle arrays can be assembled to act as
chemiresistors, which are solid state structures whose resistance is changed
by the presence of chemical species. The resistance of these arrays depends on
particle size, interparticle distance, and dielectric properties of the
interparticle material. They can be assembled and functionalized to
accommodate certain chemical species between them. When these chemical
species are present in a given environment, they occupy the empty locations
between the arrays, changing the overall resistivity of the device. This change
in resistance can then be sensed electrically [1].
It may also be possible to use self assembly to fabricate ion sensitive
field effect transistors. These FET transistors provide a means for sensing
charged species in close proximity to the gate surface. The presence of such
species changes the polarization of the gate-substrate interface, affecting the
conductance of electrons from the source to drain electrodes. By measuring,
for example, the source-drain current at a fixed gate voltage, the change in
polarization, and thus the presence of the charged species, can be sensed.
Assembly can be achieved by using nanotubes and nanowires for electrodes,
and controlled deposition of thin films with the accurate placement of
nanoparticles on them to produce the functional layers in these transistors [1].
Photosensors may also be amenable to fabrication using self assembly.
Photosensitive particles assembled into metal electrodes, and immobilized at
the electrode surfaces using chemical functionalization with SAMs, can be
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used to convert incident light into a photocurrent that can be sensed
electrically. Electron transfer between these particles and their photoelectric
interactions, which play important roles in this sensing process, can be
incorporated into the assembly design to maximize the device performance
[1].
Optical properties of self assembled nanoparticle and nanorod arrays
can also be used for sensing purposes. The small sizes of these arrays can
allow the assembly to act as a diffraction grating if the particles are equally
spaced in a lattice. The properties of the diffraction grating are a function of
this spacing. Thus any event which changes the interparticle spacing, such as
a change in temperature or a chemical binding process (or reaction), affects
the diffraction grating and can be detected optically [1].
1.4.3 Bionanotechnology Applications
Self assembly has various applications in bionanotechnology as well.
The simplest of these applications is the binding of biological molecules and
DNA strands to water soluble nanoparticles. The nanoparticles are
functionalized with SAMs which makes them adhere to specific types of
biomolecules. Then the nanoparticles are introduced in a water based solution
to a medium containing various types of these molecules or strands. By
surface interactions, different molecules adhere to different nanoparticles and
thus become "labeled". Such labels can be used, for example, as color codes to
identify molecules in parallel. This is known as molecular recognition [18].
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Surface functionalization of different kinds of protein and peptide
systems can also be used to produce nanotubes, helical ribbons, and scaffolds
made of these materials. The resulting nanostructures can be engineered,
using self assembly, into new biological materials with many potential
applications, one of which is scaffolding for tissue repair in regenerative
medicine [19].
A similar approach can be used to pattern substrates. By coating a
substrate selectively with different SAMs, and passing a solution containing
various kinds of molecules over the substrate, the different molecules are
attracted to different patterned regions and are immobilized on these regions.
This is particularly the case with biological molecules such as antibodies,
nucleic acids, enzymes, or even organized systems like whole cells which
have excellent selectivity to SAMs. Using different transduction principles,
such as electrochemical, piezoelectric, or optical to recognize the types of
attached molecules, we get biosensors that can be used for recognizing the
biomolecular identity of the precursor solution [20].
The possibility of direct electron transfer between conductive
nanoparticles and certain kinds of proteins can be used for the construction of
a different kind of biosensors. In these biosensors, a current is produced upon
coming into close proximity of the proteins, under certain chemical
conditions, due to charge transfer between the particles they contain and the
protein. The small size of the conductive nanoparticles facilitates the electron
transfer and suggests the use of self assembly for the construction of such
devices [1].
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1.5.1 Definition of Concept
In this work we describe and characterize a method for microscale and
nanoscale self assembly that is fundamentally different from the previously
described self assembly techniques. This method, which we term Templated
Assembly by Selective Removal or TASR, makes use of patterned template
topography and surface energy interactions. It consists of patterning a silicon-
based template to contain sites that match the 3-D geometry of the
components. The template and components are then functionalized by
coating them with a layer of self assembled monolayers (SAMs) which
renders them hydrophobic, promoting adhesion between them in a water
based medium. The template and components are then placed in a water-
acetone mixture, and a flow field is created using an ultrasonic transducer.
The transducer produces an acoustic wave which propagates across the
mixture, stirring the medium and producing fluidic forces and moments,
which act against the retention forces and moments produced by surface
adhesion. The retention agents dominate over their removal counterparts in
the locations on the template where component shape matches topography,
and assembly is achieved there. In all other locations, the removal agents
dominate and the components are swept away.
In addition to the general merits provided by most self assembly
methods, which were discussed in Section 1.2, this method has certain
additional unique characteristics which can be used to an advantage in
nanomanufacturing applications. First, TASR is a simple process compared to
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many other self assembly methods in the literature. Apart from growing the
SAM, no external action like electrostatic charging or magnetization is
required to make TASR work. And although TASR relies on adhesion
principles, it does not involve any intermediate adhesive layer between the
components and template. As a result, the process complexity is minimized,
and the need for a curing step to make the adhesion due to such a layer
permanent is eliminated. This becomes particularly important when the
curing step is performed using a high temperature, leading to thermal
compatibility concerns. Also, TASR is capable of assembling different patterns
and shapes of components which are not necessarily periodic or symmetric.
Distinction between different components is often a challenge in many of the
previously proposed assembly methods, limiting them to the assembly of
periodic structures. Finally, TASR has the potential of going to very small
component sizes, a feature which many other assembly methods miss due to
physical or fabrication limits associated with downscaling. However, there
are still certain limitations associated with the downscaling of the TASR
approach. One such limitation, among others, is the increased importance of
the thermal energy fluctuation (kbT) compared to the free energy change that
drives self assembly as we go to smaller length scales. When the size of the
components is decreased, the free energy reduction due to assembly, which is
proportional to component area, also decreases. For very small component
sizes, the thermal energy content may thus become on the order of this free
energy change or even exceed it, preventing the success of the TASR
approach.
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1.5.2 Research Objectives
It has been previously demonstrated in a proof of concept experiment
by a member in our research group, S. Jung [21], that the TASR method is
successful in assembling silica spheres 1.6 pm in diameter on an oxidized
silicon substrate. In fact, the yield of the process, defined as the ratio of sites
that are filled with components to the total number of sites, was found to be
close to 100% for a well fabricated template and a specific set of experimental
conditions. A primary theoretical model was also developed to explain why
assembly takes place.
The purpose of this research project is twofold. First, we try to extend
the applicability of the above process to smaller sized as well as multi-sized
components. The proof of concept experiment was conducted, as explained,
on single sized microspheres. Thus it didn't utilize the full power of this
assembly approach. We perform our experiment, under variable input
parameters, for the purpose of selectively assembling 636 nm and 2 gm
diameter silica spheres on a patterned template fabricated using e-beam
lithography and wet etching. Secondly, the experimental findings are used to
assess and validate the proposed theoretical model, and to identify the
conditions under which the approach does and does not work properly.
1.5.3 Thesis Roadmap
So far Chapter 1 has provided an introduction to the concept of self
assembly and its importance for nanoscale manufacturing. The motivation for
new assembly techniques necessary for the advancement of nanotechnology
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and many related fields was provided. Self assembly was then introduced as
one of those methods, some of its advantages were enumerated, and different
approaches utilized by research groups to achieve self assembly were
presented. Some of the main applications to which self assembly techniques
would be most useful were then discussed. This was followed with an
introduction to TASR, the self assembly method which this project is about,
and a statement of our research goals.
Chapter 2 discusses the basic physics underlying TASR. Specifically,
the process is described in more detail, followed by analytical and empirical
estimates of the different factors on which it is based, using the model
developed by Jung et al. in [21]. The formation of self assembled monolayers
is described, and then the concepts of surface energy, contact area, and
surface roughness are presented and used to find expressions for the retention
forces and moments. Ultrasonics concepts are then presented, followed by a
discussion and an analytical formulation of the different fluidic forces and
moments that the components are subjected to. Then the possible mechanisms
by which selective assembly occurs are presented in a more quantitative
manner, after the different factors contributing to the process have been
evaluated.
Chapter 3 describes the experimental work that was carried out in this
project. Specifically, the template fabrication process flow and the template
and component coating procedures are discussed. The self assembly
experiment is then described, along with the different conditions under which
it was conducted. The steps that were taken to make sure that the
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experimental results were meaningful and repeatable are also discussed. This
is followed by a description of the surface energy experiment that was carried
out to find the interfacial energy parameter to be used in the calculations. The
chapter ends with a discussion of the methods and tools used to characterize
the experimental results.
Chapter 4 presents the experimental results, uses the theoretical
formulations from Chapter 2 to evaluate the magnitudes of the parameters of
interest, and then attempts to correlate the experimental findings with theory.
It starts with a discussion of the assembly yield and of repeatability for
different experimental conditions. The values of the different parameters
appearing in the formulas presented in Chapter 2 are evaluated. These are
then used to calculate the magnitudes of the different forces and moments
contributing to component retention and removal. The discussion that follows
points out the dominant removal mechanism based on the calculations,
selects the subset of our experimental results that is addressed by the theory,
and attempts to empirically correlate the assembly yield to the calculated
quantities using curve fitting. The data points are found to follow the fitted
curves very closely.
Chapter 5 summarizes the results of the research, both theoretical and
experimental, and provides some recommendations. The recommendations
are classified into two categories: What can be done to improve the
experiment as it was carried out, and what future work is required to develop
the model and the experiment to be able to use TASR for general
nanomanufacturing applications.
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Physics of Templated Assembly bY
Selective Removal
2.1 General Overview
The method we use in this project for achieving selective assembly of
nanocomponents on a common substrate is called templated assembly by
selective removal, or TASR. This process is based on the balance between two
factors, one trying to keep the components in their places on the substrate,
and the other trying to remove them. When the removal agents are stronger
than the retention agents, the components are removed from their places.
When the retention agents are stronger, the components are kept in place. By
tailoring the conditions such that retention agents dominate only when a
component is in the right spot, while the removal agents dominate otherwise,
selective self assembly can be achieved.
The retention factors in this experiment are due to surface adhesion.
The components used are silica spheres with two diameter sizes: 636 nm and
2 pm. The substrate is patterned into a template containing holes which match
the components' shapes. The surfaces of both the components and the
template are coated with self assembled monolayers, or SAMs, which makes
their tendency to adhere to each other in a water based medium greater than
their tendency to have surface contact with the medium. SAMs are discussed
in detail in Section 2.2.1. The components and the template are then placed in
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a water-acetone mixture called the assembly mixture which is stirred to make
sure many components hit their matching locations on the substrate. Then, if
an attempt is made to move a component from one location where it "fits" on
the template, to another location where the contact area is less, the component
will resist changing locations. This resistance is based on free energy
minimization, because the interfacial free energy of the component will
increase if it is moved from its initial location. The resistance is in the form of
a force (or moment) directly proportional to the change in contact area
between the component and substrate with respect to distance (or rolling
angle) between the two locations, and the interfacial energy between the
material of which the component and substrate are made, and that of the
surrounding medium. The interfacial energy between two materials measures
the amount of work it takes to create a unit surface area of one of them in a
medium consisting of the other.
The removal forces in our experiment are fluidic forces. They are
produced by acoustically exciting the assembly mixture in which the
components to be assembled and the template are placed. The beaker
containing this mixture, called the assembly beaker, is subjected to sound
waves created by an acoustic transducer. The transducer, placed in a large
water beaker beneath the assembly beaker, converts electrical input energy to
acoustic output energy. In doing so, it produces oscillatory sound waves at
normal incidence to the assembly beaker. These waves create a flow field in
the assembly mixture and induce stirring of the components. Different forces
and torques are exerted on the components as a result of the flow field, some
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of which are oscillatory, averaging to zero over a period of the acoustic wave,
and some which are nonoscillatory, having non-zero means. These forces and
moments attempt to lift the components off the substrate or to roll them along
it from one spot to another. A schematic illustration of the TASR experiment
is shown in Figure 2.1
By controlling the parameters which influence the removal and
retention forces and moments, it is possible to achieve selective assembly.
Selective assembly means that the components are assembled in the spots
where we desire them to be, and not in others. This is discussed in detail in
what follows by quantitatively evaluating the magnitudes of the removal and
retention factors and then deducing the conditions under which selective
assembly can be achieved.
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Figure 2.1: A schematic illustration of the TASR experiment with a magnified view of the template
surface during the experiment (Courtesy of Sunghwan Jung)
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The retention agents in our experiment are based on the adhesion
between the components and the substrate in a medium to which they have
low interfacial attraction. The assembly experiment takes place in a water-
based medium, and the components and substrate surface are made of silicon
oxide. Silicon oxide is hydrophilic, meaning that water tends to "wet" it, or
adhere to it. Hence, to make the components and substrate not adhere to the
assembly mixture, but to each other, their surfaces are functionalized first
with a material that renders them dewetting, or hydrophobic.
Functionalization is achieved by coating the surfaces with silane-based SAMs.
These monolayers act as adhesion promoters between the components and
the substrate in the presence of a water medium. As a result, a retention force
(or moment) is created when a component attempts to move from one place
where it has a large contact area with the substrate, to a place where the
contact area is less.
The largest theoretical contact area is achieved when the template is
patterned in such a way to match the 3-D geometry of the components. For
our case, the components are spheres having two different diameters: 636 nm
and 2 gm. The template is thus patterned to have hemispherical holes of
depths almost equal to the radii of the spheres. Then, when a sphere lands in
a hole which matches its size, the magnitude of the retention force or moment
on the sphere is large, exceeding any removal factors aimed at displacing it.
When a sphere, however, lands in a hole in which it doesn't fit, or on a flat
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portion of the substrate, the removal factors dominate and the sphere is
removed. This is how selective assembly is achieved.
2.2.1 Self Assembled Monolayers
Self assembled monolayers, or SAMs, are ordered molecular
assemblies formed by the adsorption of an active surfactant on a solid surface
[22]. They have the ability to change the chemical and interfacial properties of
the surface on which they are grown. For our case, trichlorosilane-based
SAMs were grown on the silicon oxide surfaces of the components and
substrates to change these surfaces from hydrophilic to hydrophobic.
Hydrophilic surfaces tend to have as much contact as possible with a water
based fluidic medium, while hydrophobic surfaces try to minimize this
contact.
Octadecyltrichlorosilane (CH 3(CH2 )17SiCl 3), or OTS for short, is used
as the precursor molecule. The coating, or silanization, process begins with
the hydrolysis of the polar head group (SiCl3) that converts the Si-Cl bonds to
Si-OH (silanol) groups, according to the chemical equation:
CH 3 (CH 2 )17SiCl3 + 3H20 -+ CH 3(CH 2)17Si(OH)3 + 3HCl
Next, these silanol groups, which are strongly attracted to the
hydrophilic surface of oxidized silicon, condense and react with silanols on
other precursor molecules and on the substrate surface to produce covalent
siloxane bonds, Si-O-Si,, according to the representative equation [23,24]:
2CH3(CH 2)17-Si(OH)3 + 3Si-OH-- 2CH 3 (CH2)1 7-Si-(O-Si)3 + 3H20
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The organic tails (CH3(CH2)17) of the monolayer are nonpolar and have
no hydrogen bonds, contrary to the molecules of the fluidic medium in which
they are in (which consists of water and any other polar solvent). The
molecules in the fluidic medium are thus attracted to each other but not to
these organic tails. This makes the fluidic molecules arrange themselves to
have as minimum contact with the organic SAM tails as possible, leading to
the hydrophobic effect. As mentioned previously and will be discussed in
more detail in Section 2.2.2, this effect can be summarized as the tendency of
the surfaces possessing it (hydrophobic surfaces) to adhere to each other
when placed in a water-based medium, rather than to be in contact with the
medium.
An illustration of the formation of SAMs on a silicon oxide substrate is
shown in Figure 2.2. The layer formed usually has a nominal thickness of
about 2.8 nm, coats the surface conformally, and is characterized by a high
degree of stability [23,24]. The axes of the CH 3(CH 2 )17-Si chains are oriented
at about 900 to the substrate surface [25].
Organic tail
OTC precursor
molecule
Cl -i-Cl
Cl
H H H H 0 -Si-0-Si-O-Si-O-Si-O
Silicon oxide surface Silicon oxide surface
before coating after coating
Figure 2.2: An illustration of the reaction and formation of an OTC-based SAM on a silicon oxide
surface, showing the surface before the reaction (left) and after the reaction (right)
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Although the coating process requires some amount of water to
hydrolyze the Si-Cl headgroups (i.e. convert them to Si-OH), too much water
initiates bulk polymerization of the trichlorosilane groups. Bulk
polymerization often manifests itself as particulates on the wafer, which
degrades the coating quality and increases the effective roughness of the
surface. This in turn leads to less contact area between components and
substrate if the polymerization occurs in the locations where assembly is
desired. To minimize this problem, the solvents used for SAM coating with
trichlorosilane precursors must be anhydrous. Also, care must be taken to
assure that the surfaces of the substrate and the components are nearly
moisture-free before starting the coating process. In our case, toluene (C7H8) is
used as the solvent, the components are oven-dried, and the substrate is
cleaned and air-dried using compressed nitrogen prior to coating, all in an
attempt to minimize polymerization. At the same time though, moisture
transport to the surfaces of the components and the substrate between the
time of drying and the commencement of coating, and the inability to
perfectly remove all the water from the template by air-drying, are relied
upon to provide the trace amounts of water necessary for the hydrolysis
reaction to occur.
2.2.2 Interfacial Energy
Coating the substrate and components with SAMs changes their
surfaces from hydrophilic to hydrophobic. For a hydrophilic surface, it is
energetically favorable to be in contact with a water based medium. A water
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drop thus tends to spread on a hydrophilic surface, resulting in a contact
angle Ocon (measured as shown in Figure 2.3a) of less than 900. Conversely, for
a hydrophobic surface, it is energetically favorable to have the least possible
contact with a water based medium. Thus a water drop tends to contract into
a spherical shape on a hydrophobic surface, as shown in Figure 2.3b, resulting
in a contact angle greater than 900.
(a) (b)
Ocon < 900 Ocon > 900
Hydrophilic surface Hydrophobic surface
Figure 2.3: An illustration of the shape that a water droplet takes on: (a) a hydrophilic surface and (b)
a hydrophobic surface, showing the contact angle in both cases
In terms of surface energy, two hydrophobic surfaces placed in a
water-based medium have a large amount of free energy when they are fully
surrounded by the medium and less free energy when they are brought into
contact with each other. Trying to separate the two surfaces after that in a way
that decreases their contact with each other, increases their interfacial free
energy again, and is thus energetically unfavorable. For the case of a spherical
component in contact with a patterned template, this is demonstrated in the
formation of a retention force which opposes the lifting off of the component
from the substrate into the water medium, and a retention moment which
opposes the rolling off of the component from a shape-matching location on
the substrate to a less matching one.
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The quantity which relates the contact area between two different
materials to the total free surface energy is the interfacial energy y. The
interfacial energy measures the amount of work it takes to create a unit
surface of a given type of material in the presence of a second medium. Based
on the discussion above, the interfacial energy of a hydrophobic surface with
water is larger than that of a hydrophilic surface.
A method commonly used for determining the interfacial energy is
contact angle measurement. This method is based on measuring the contact
angle that a liquid drop forms on a solid substrate in a gaseous medium, and
then performing a force balance at the solid-liquid-vapor interface to
determine the interfacial energy between the solid and the liquid. In Figure
2.4, performing a force balance at the solid-liquid-vapor interface gives:
Fs v= Fs + F cos 0cOf (2.1)
where Fsv, FSL, FLv are line forces proportional to the interfacial energies of the
solid-vapor, solid-liquid, and liquid-vapor interfaces respectively [26]. Taking
the vapor medium to be air, and recognizing that the contour over which the
three forces act is the same, and is given by the circumference of the liquid
drop at the solid surface, so that it can be factored out, yields:
ps = y + y, cos 6e,, (2.2)
where ys is the energy of formation of the solid, yL is the surface tension of the
liquid, and y is the interfacial energy between the solid and liquid. Thus the
interfacial energy can be calculated by measuring Ocon, given that the values of
ys and yL are known.
47
2.2 Retention Agents
Vapor
FLV
Liquid O
Ocon
FSL Fsv
Solid
Figure 2.4: Force balance at the solid-liquid-vapor interface for a liquid drop on a solid surface in a
vapor medium
It is often the case that the contact angle is path-dependent, taking
different values based on whether the liquid drop is advancing or receding.
The advancing contact angle is when the three-phase line is moving over and
wetting the surface, or pushing away the vapor phase. The receding contact
angle is when the three-phase line is withdrawing over a pre-wetted surface,
or pushing away the liquid phase [26]. To account for these variations, the
values of Ocon can be measured multiple times for the two different scenarios
and the results averaged.
2.2.3 Nominal Contact Area
The nominal contact area between a spherical component and a
substrate having perfectly smooth surfaces is defined as the maximum area
enclosed by a set of points on the sphere's surface that are at a certain
adhesive distance da from the substrate. The adhesive distance represents the
range over which the adhesive forces resulting from surface attraction act.
This definition of the nominal contact area embodies the approximation that
these adhesive forces take the form of a step function, being either null or
assuming a constant value at any point on the component surface. In reality,
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these forces more likely decay in a quasi-exponential fashion as the separation
between component and substrate surfaces increases. However, the step
function approximation simplifies the evaluation of the nominal contact area
significantly and is good enough to a first order approximation, and hence
will be used here. The exact magnitude of da is debatable, but a value
commonly used in the literature is 1.5 nm [21].
A cross section of a spherical component of radius Rp in a
hemispherical hole is shown in Figure 2.5. The sphere is assumed to act as a
rigid body and thus elastic deformation is ignored. The sphere whose center
is point 0 contacts the hole at point P (which can really be a point or a line,
depending on whether the sphere diameter is smaller or larger than the hole
diameter). In this section, which assumes that the sphere diameter is smaller
than that of the hole, points A and B refer to the farthest points on the sphere
from the contact point P which are at a distance da from the substrate surface.
The contact "curve" due to surface attraction for this section is defined as the
curve enclosed by the two segments OA and OB, each of length Rp + da,
forming angles Pi and 2 with OP respectively. By defining contact in this
manner, only the points on the sphere within the adhesive distance from the
hole are in contact, and all other points are not, following the step function
approximation of the reduction in the adhesive force as explained above. By
evaluating the values of the two angles Pi and p2for differential increments of
the azimuthal angle cD spanning the range 0-360D, and performing the proper
spherical integration, the contact area can be found. The contact area for a
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component over a flat portion of the substrate, or for a component at the edge
of a hole, is calculated in a similar fashion.
Sphere
d
B
da AHole
A
Figure 2.5: Cross-section of a spherical component in contact with a hemispherical hole (only a part of
the hole is shown)
2.2.3.1 Algorithm for calculating the nominal contact area
Evaluating the contact area analytically becomes very complicated
when the shape of the hole is not exactly hemispherical. For our case, the
holes were produced by wet- etching the silicon oxide with a buffered oxide
etch, which is explained in detail in Section 3.2.4. Factors such as resist
delamination and the finite spot size in the resist layer during the lithography
process cause the resulting shape of the hole to diverge from that of a perfect
hemisphere. In what follows, the 636 nm spheres will be often referred to as
the small spheres, and the 2 pm spheres as the large spheres. Also, the holes
corresponding to either size will be termed small or large holes. In reality, the
surface diameters of the holes will be larger than those of the corresponding
spheres, due to the factors mentioned above. The need thus arises to calculate
the contact area numerically.
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The algorithm described below for evaluating the nominal contact area,
based on the assumptions outlined earlier, is general and can be used with
virtually any sizes and shapes of isotropically etched holes. It should be noted
that a different algorithm designed for specific hole shapes and hole-
component combinations was developed by Jung [21] for calculating the
nominal contact area. That algorithm, however, was incompatible with the
hole profiles produced in our experiment. Thus we developed a new
algorithm based on the concepts of rotation of axes (from dynamics) which is
compatible with any hole profile or sphere-hole configuration.
Atomic force microscopy (discussed in Section 3.7) is used to
characterize the exact shapes of the holes. A commercial atomic force
microscopy software package (SPIP by Image Metrology) is then used to
study various cross-sections of these holes, and the holes are found to be
almost axisymmetric, meaning that only one section is sufficient to generate
the shape of a hole by revolving it around its centerline. In calculating the
nominal contact area, three different cases are to be considered:
a) The sphere lies in a hole whose surface diameter is larger than the
sphere diameter, as in a small sphere lying in a small or large hole, or a
large sphere lying in a large hole.
b) The sphere lies in a hole whose surface diameter is smaller than the
sphere diameter, as in a large sphere lying in a small hole.
c) The sphere (either size) lies over a flat portion of the substrate.
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For case (a), the software is used to fit a curve of the form y=f(r) to the
bulk shape of the cross-section, where y is the vertical distance from the
bottom of the hole, and r is the radial distance from the centerline, as shown
in Figure 2.6. Since the hole is axisymmetric, its shape can thus be described
by the same function after substituting for r in terms of the 2 cartesian
coordinates x and z, using:
r x2 +z 2  (2.3)
The plane of the cross section is taken to be z = 0.
The sphere is assumed to roll along the hole, from a point
infinitesimally close to the origin (x,y,z) = (0,0,0), which is the lowest point in
the cross-section, to a point P whose coordinates are (xp,yp,0).
The point P is the point of tangency between the sphere and the hole.
Taking zP = 0 means that rolling takes place such that the point of tangency,
and thus the center of the sphere, remain in one given cross-section of the
hole. The sphere center 0 has the coordinates (xo, yo, 0). The angle that OP
forms with the y-axis is called 0.
To study any point on the sphere surface, another cartesian coordinate
system (X,Y,Z) is defined such that its origin is the sphere center 0, its Y-axis
is directed along [PO) and its Z-axis is such that the point being investigated
always lies in the plane Z = 0. (X,Y,Z) can be achieved by translating the
system (x,y,z) from the bottom of the hole to 0, rotating the resulting system
about the z-axis by an angle 0 counterclockwise, and then rotating the
resulting system by an azimuthal angle (D about the new Y-axis such that the
examined point lies in the plane Z = 0. D is thus the angle between the plane
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of the cross-section and the plane passing through the sphere center and the
examined point. By varying ( from 0 to 1800, the whole azimuthal
circumference of the sphere can be spanned, due to symmetry. The relation
between the two coordinate systems is given by:
x = Xcos0cos A-Ysin 0+Z cos0 sin (1+x
v = X sin0cosID+Y cos0+ Z sin0sin (+ yo (2.4)
=-Xsin (D+Zcos J
The algorithm runs by first discretizing the path covered by the sphere
during rolling into a set of points at horizontal distances xp from the center of
the hole, starting at x =0 and ending at x = rh. rh is the radius of the hole at the
substrate surface and is thus the maximum horizontal distance between the
center of the hole and the edge. The section lies in the plane z = 0. Hence the y
coordinate for each of these points P is determined by substituting xP for r in
the hole shape function y = f(r) . Each point P represents a point of tangency
between the sphere and the hole during the rolling up of the sphere. For each
value of xp, the angle 6 is evaluated from:
9= arctan ) (2.5)
Angle (D is varied from 0 to 1800 by using n equally spaced increments
AcI to span the azimuthal circumference of the sphere. For each value of D, a
ray [OT) is constructed starting from the center of the sphere 0, and forming
an angle Ptrial with OP, while lying in the plane which makes an angle 4 with
the plane of the cross-section through OP. The coordinates of the point S on
OT which is at a distance Rp+da from 0 are evaluated using:
Xs = (R, +d,,) sin,,ia1
s = (Rp + d )cos t-i (2.6)
Zs =0
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The coordinates are then substituted in the function F(X,Y) given by:
F(XY)=y(X,YZ)-f( [x(X,Y,Z) 2 +[z(X,Y,Z)] 2 ) (2.7)
after substituting for x, y , and z from (2.4) and setting Z = 0. A conditional
loop is used to find the two values Pi and P2 of Pfai which satisfy F(X,Y) = 0.
These two values correspond to the bounding points of the contact curve for
the specific cross-section under consideration, based on our definition of
contact area, as discussed above. One of these two angles has a positive value
and the other has a negative value, but the two angles are not necessarily
equal in magnitude, because they depend on the shape of the cross section,
which is not exactly hemispherical. The two angles are calculated for each
value of <D, and then spherical integration is performed numerically to
calculate the nominal contact area An:
7r Z -2  n
An = R, sin EdERyd(D+ J JR, sin EdRyd(D = nR A Dj (2-cos 1 -cosJ 2 ) (2.8)
0 0 00 =1
where nA4 = n radians.
r h
y.f(r) P
Hole y S Y
X XP
Z T
Figure 2.6: A geometric illustration of case (a) of the nominal contact area algorithm, showing a cross
section of a spherical component in a matching or larger-sized hole
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For case (b), when a large sphere is lying at the edge of a smaller hole,
we distinguish between an angle P1 extended by the sphere over the inner
side of the hole, and an angle p2extended by the sphere over the flat surface,
as shown in Figure 2.7.
The angle 0 is now given by:
S=arcsin( -'' O (2.9)
Rp
A curve is fitted to the shape of the hole at the edge, and the same
procedure described in case (a) is used to find angle pi for the given cross-
section. Note that the equation for the fitted curve in this case is restricted to
the vicinity of the edge to assure an accurate description of the hole profile in
that region, and is thus not necessarily the same as that used in case (a) to
describe the bulk shape of the cross-section of a hole. Angle 2 (now taken to
be positive) is determined from the simple analytical formula:
P2 = arco R,, cos 0 - (2.10)
~ R , dR , + a
Since the hole is assumed to be axisymmetric, 1 and p2 must remain constant
along the azimuthal circumference of the sphere. The nominal contact area is
thus given by:
A,, = fJR, sin OdOR,dD = ,rR2,(cos pf - cos P2) (2.11)
o A
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Large sphere
0
P
Small hole
Figure 2.7: A geometric illustration of case (b) of the nominal contact area algorithm, showing a cross
section of a spherical component on a smaller-sized hole
For case (c), when a sphere is lying over a flat portion of the substrate
as shown in Figure 2.8, the angles Pi and P2 have now the same magnitude,
which is given by:
1i=1821=8 = arccos RI, (2.12)(RI,+d,
The nominal contact area is now given by:
'T 9
A,, = JRP sin OdORd(D = rR 2(1-cos1 8) (2.13)
0 0
Sphere
0
Flat part of P
substrate
Figure 2.8: A geometric illustration of case (c) of the nominal contact area algorithm, showing a cross
section of a spherical component on a flat portion of the substrate
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2.2.4 Surface Roughness
The contact area described above is the "nominal" contact area, or that
which assumes the two surfaces in contact are perfectly smooth, and that the
contact (as defined above) is continuous. In reality, and as pointed out by
Jung et al. [21], surface roughness always comes into play, in the form of
asperities on the two surfaces which make the contact discontinuous and
lower the net contact area. These asperities in our case might be the result of a
nonuniformity or polymerization in the coating, or might be propagated from
the rough surfaces of the uncoated substrate and components caused by their
respective fabrication processes. Thus, surface roughness needs to be
accounted for as well, and it will be seen that its effects cause the contact area
to drop significantly from its nominal value. It should be noted that the end
result obtained for the surface roughness factor is the same as that derived by
Jung in [21], but the derivation leading to that end result, which was briefly
explained in [21], is described in detail here.
Two parameters commonly used to characterize the texture of solid
surfaces are the root mean square (rms) roughness and the peak height.
Taking x to be the coordinate parallel to the solid surface along a given
direction, and defining a reference plane z = 0 for the heights z(x) of the
different asperities on that section of the surface (as shown in Figure 2.9), the
root mean square (or rms) roughness a for a length L of that section is given
by the square root of:
cl =J 2x (2.14)
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Clearly, a is the same as the standard deviation in asperity heights when the
reference plane is taken to be at the mean height m [27]:
SL
m=- izdx (2.15)
L
The peak height is defined as the maximum distance exhibited by any of the
asperities from the reference plane over the surface length L.
Surface
asperities
X z (x)
- Reference
plane z =0
Figure 2.9: Schematic of a rough surface showing the parallel coordinate x and the height z of an
asperity on the surface
It has been noted that many real surfaces, especially unprocessed
surfaces, exhibit a height distribution which is close to the 'normal' or
Gaussian probability distribution [28]. For such a distribution, the probability
p(z) that a point on the surface has a height ranging between z and z + dz,
where dz is a differential increment in height, is given by:
p(z) ex (2.16)
where a is the rms roughness defined above. The cumulative probability
function P(zo) that calculates the fraction of points at a height greater than or
equal to zo is given by:
P(zo) exp z k- (2.17)
k22r _02
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For our case, both the component and substrate surfaces are rough. To
simplify the analysis, the two surfaces can be replaced with a hypothetical
rough surface in contact with a perfectly smooth surface [28]. The
hypothetical surface is characterized by an equivalent rms roughness Oeq
given by:
eq = a +aj (2.18)
where oh and op are the rms roughnesses of the substrate and component
surfaces, respectively, and an equivalent peak height heq given by:
heq = (h +hp) (2.19)
where hh and hp are the peak heights of the substrate and component surfaces
respectively. The two surfaces are separated by this equivalent peak height, as
shown in Figure 2.10.
The points on the rough surface within the "real" contact area are those
at a distance less than or equal to the adhesive distance da (defined in the
previous section) from the smooth surface. Equivalently, these points are at a
distance greater than or equal to heq-da from the reference plane of the rough
surface. If, on the other hand, both surfaces were perfectly smooth, the rough
surface would coincide with the reference plane, and every point on the
reference plane within a distance da from the other surface will become a
contact point, as explained in the previous section. Thus the roughness factor,
or the ratio of real to nominal contact area, is determined by setting the upper
limit zo in (2.17) to heq-da, and is given by:
Cr =1- Ii -d)/Tq exp Z )2 z (2.20)
59 2 eq j
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And thus the real contact area Ar and the nominal contact area An are related
by:
A,.= CrAn (2.21)
Real
contact
region
Smooth
surface
da
heq- da
Reference
plane z =0
Figure 2.10: Schematic of contact between a rough and a smooth surface showing the 'real' contact
regions on the rough surface
In the above derivation, elastic deformation of the surfaces of the
components and the substrate due to contact was neglected. This is justified
as the magnitude of the adhesive force between the coated surfaces is much
smaller than the covalent bonding present in the bulk material (silicon oxide)
of the substrate and components, or the siloxane covalent bonds between the
monolayer and the oxide surfaces [27]. Thus the adhesive attraction does not
cause any significant deformation of the surfaces in contact.
60
2.2 Retention Agents
2.2.5 Evaluation of the Adhesive Forces and Moments
Following the conceptual analysis of Jung et al. in [21], the adhesive
force Fret and moment Mret retaining a spherical component in its location
result from the sphere's resistance to any translation or rotation that will
reduce its contact area with the substrate. This is because such a reduction in
contact with the substrate will cause the sphere to have extra surface area
with the energetically unfavorable water-based medium. Fret and Mret are
determined from the fundamental relations:
Fre, = dE/dl (2.22)
Mre, = dE/dy (2.23)
where dE is the differential change in the free surface energy of the sphere
due to displacing it from its initial location, and dl and dip are respectively the
differential changes in distance (translation) and rolling angle (rotation) over
which the change in contact area takes place. In the case of displacement, the
extra surface area created between the sphere and the water-based medium
will be exactly equal in magnitude to the lost contact area between the sphere
and the substrate. The increase in the free surface energy of the sphere will
thus be:
dE = -ydA,= -yd(CAn) (2.24)
The retaining force Fret opposes any attempt to lift the component off
the surface of the substrate. When a component is lifted off the substrate by a
normal distance dz, the values of both An and Cr change, and the retaining
force, according to (2.22), becomes:
Fe = -(Cr +A dcr (2.25)
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The maximum retention force is when the component is lifted from the
location where its contact area with the substrate is maximum, by a distance
infinitesimally greater than the adhesive distance da. In this case, the contact
area drops from its maximum value to zero. The expression for Fret becomes:
F,,Ie C, " + " 4ex (2.26)Yr Anma nIax 2 ]~2)
da aeq -,,/2 2 t7 2
where An,max is the maximum contact area determined from the numerical
algorithm discussed in Section 2.2.3.1 and the other parameters appearing in
the above equation are explained in Section 2.2.4. It should be noted that the
evaluation of the retention force was carried following the derivation of Jung
et al. in [21].
The retaining moment Mret opposes any attempt to roll the component
along the surface of the substrate. When a component rolls along the sidewall
of a hole by an angle dy, its nominal contact area changes. The roughness
factor Cr on the other hand does not change significantly, because its
calculation is based on average rms roughness and peak height values along
the substrate surface, and its expression is only a function of the distance z
normal to that surface. The maximum retaining moment is thus given by:
,.e, r  = dA,=c. - YCrd "m (2.27)
where ds is the differential distance covered by the sphere during its rolling
by an angle dy, and the chain rule was used. Noting that ds and dip are
related by the expression
ds = RpdT (2.28)
and that
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ds= dx 2 +dyp 2  (2.29)
where dx, and dyp are the differential changes in the x and y coordinates of
the tangency point P between the sphere and the hole during rolling, (2.27)
becomes:
M,.e,=,yRf C, n (2.30)Mr rt = 2R,', x + v 1 max
The differentials dxp, dyp, and dAn are approximated as finite differences by
discretizing the rolling of the sphere along the side of the hole into finite steps
as was explained in Section 2.2.3.1. Thus for any two consecutive locations 1
and 2 along the sidewall, we have:
dxp= Xp,2 - Xp,I
dYp= yp,2 -Yp,1 (2.31)
dAn= An,2 - An J
The maximum value of " is determined numerically and
dx+2+dy ,
substituted into (2.30) to yield the maximum retaining moment. Here it
should be noted that the retaining moment was evaluated using a slightly
different approach from that of Jung et al. in [21], in order to be able to make
use of the contact area program that we developed.
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2.3 Removal Agents
The removal agents in our experiment are based on the flow field
created by using ultrasound. As will be explained in greater detail in Chapter
3, the template and components are placed in an assembly mixture consisting
of water and acetone. This mixture is contained in a small beaker called the
assembly beaker, which lies above an acoustic transducer placed in a large
water-filled beaker. The transducer supplies sound waves at normal incidence
to the template. These sound waves propagate first through the water
medium in the large beaker, hit the assembly beaker, and then traverse the
assembly mixture. In doing so, they create a flow field in the assembly
mixture which produces forces and moments that act on the components.
The resulting forces, and consequently the moments, have
fundamental differences in their nature. Some of them are linear, meaning
that they are time dependent (as is the sound wave) and have zero means.
Others are nonlinear, meaning that their time averages have non-zero values,
despite the fact that they are the result of an oscillatory wave. Also, some of
the forces act parallel to the surface of the template, which means that they
can only contribute to rolling the components along the surface. Other forces
act normal to the surface of the template and thus can contribute to both
lifting the components off the template surface as well as rolling them along
it.
These forces and moments serve two purposes: they stir the medium,
assuring that the components hit different locations on the template, and they
also act as removal agents attempting to displace the components from their
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specific locations. Selective assembly is achieved by controlling the
experimental conditions to allow these forces and moments to dominate over
their adhesion counterparts when there is no match in shape between
component and template, so that assembly occurs only in the desired spots.
The different removal forces will be explained physically and
evaluated in what follows. The final expressions for evaluating the
magnitudes of these forces are based on [21], which in turn follows the
derivation of Qi et al. [29]. What we add here is a fundamental discussion of
the origins and meanings of these forces and their underlying physical
mechanisms. For some forces (mainly the Basset, radiation, and acoustic
streaming forces), the expressions given will be order of magnitude
expressions. This is due to the fact that the derivation of the exact solutions
for these forces is very difficult if at all possible, and analytic expressions have
been only obtained for idealized cases which do not resemble closely the case
at hand. Nonetheless, it will be shown that the order of magnitude
approximations will be very helpful for the overall goal of this proposed
model, which eventually aims at correlating theory with experiment to
outline the conditions under which selective assembly is possible.
2.3.1 Basic Ultrasonic Principles
Sound generated above the human audible range of about 18 kHz is
referred to as ultrasound. In industry, however, this term is often used to refer
to acoustic (or sound) vibrations with frequencies in the range 100 kHz to 50
MHz. Ultrasonic vibrations travel in the form of waves in elastic media (such
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as solids and liquids). These waves are pressure waves and they travel with a
velocity c given by:
C (2.32)
where K is an elastic property of the medium called the bulk modulus, and p
is the medium's density. K is defined as the ratio of the hydrostatic pressure
applied to a medium to the relative volume change caused by that pressure.
For isotropic materials, the bulk modulus is related to the elastic modulus E
and the Poisson ratio v by:
K E (2.33)
3(1-2v)
The wavelength A or the distance between two successive waves is given by:
2=-- (2.34)
2;zf
where f is the wave frequency, equal to 1.7 MHz in our case.
The velocity potential of the medium <p created by the sound wave is a
function of the wave velocity, position, and time, and is governed by the well
known wave equation [30]:
v2, _ a2 (2.35)
C 2 at2
When the above equation is solved for the case of one dimensional wave
motion, we get the sinusoidal plane wave solution, where the velocity u(t) of
the medium at a given spatial location (in the direction of motion) is given by
[29]:
u(t) = Uei 2 o (2.36)
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In the above equation, U is the velocity amplitude, and the complex notation
has been used for convenience, to imply that the velocity of the medium
oscillates at the wave frequency, with the implicit understanding that only the
real part of the complex exponential is used. The velocity amplitude U is
given by [29]:
LI= 
- (2.37)
where I is the intensity of the incident acoustic wave at the given location,
which is mathematically equivalent to the energy contained in a rectangular
block of the medium at that location with unit base and height equal to c [31].
The intensity of the acoustic wave is attenuated in a lossy medium (such as a
viscous one) in the direction of travel, according to the expression:
I(x)=Ioe-a' (2.38)
where I(x) is the intensity at a given location x in the direction of travel, Io is
the intensity at the source (x = 0), and a is the acoustic attenuation coefficient
of the medium [31].
One phenomenon which occurs in certain applications of ultrasound to
fluid media is cavitation. Cavitation is the formation of bubbles of either gas
or vapor in a liquid subjected to high pressure changes, and the collapse of
these bubbles on solid surfaces contacting the liquid. In ultrasonics, once a
threshold pressure value, corresponding to a critical value of the acoustic
wave intensity, is reached, cavitation sets in. Cavitation can cause significant
damage to the solid surfaces. It can also cause random changes in the flow
pattern, by inducing huge spacial variations in the energy being transduced
into the liquid medium, which in turn prevents flow pattern uniformity.
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However, for frequencies in the 1-10 MHz range, it has been shown that
cavitation only occurs at intensities which are orders of magnitude higher
than the intensities encountered in our experiment [21, 32]. Hence the use of
high frequency ultrasound prevents the occurrence of cavitation in this
experiment.
2.3.2 Primary Hydrodynamic Drag Forces Due to Unsteady
Low Reynold's Flow Past a Sphere
The Reynold's number is a dimensionless parameter which compares
the relative importance of advective inertial effects to viscous effects for a
given flow. In the case of flow past a sphere, the Reynold's number Re is
given by:
Re = 2pUR, (2.39)
IU
where U is the relative velocity of far-field flow with respect to the sphere, RP
is the radius of the sphere, and g and p are the viscosity and density of the
fluid medium respectively. In the limit where Re<<l, the effect of inertial
forces within the fluid due to advection is negligible compared to viscous
forces, and the flow is said to be a creeping flow. In that case, the Navier-
Stokes equations are simplified significantly, giving [33]:
p =-VP+,uV2u (2.40)
where P is the liquid pressure, u is the local liquid velocity, and the other
terms have been explained previously.
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Boussinesq, Basset, and Oseen all solved the above differential
equation for the case of time dependent relative motion of a sphere with
respect to a viscous medium. The resulting equation, termed the Boussinesq -
Basset - Oseen or BBO equation, gives the total hydrodynamic drag force
acting on the sphere as the sum of 3 different forces each having a specific
physical interpretation [34]. This equation is of the form:
Fnei. hydrodynamic drag= Fadded mass + Fvjscous + Fjasset (2.41)
The different terms on the right hand side are discussed in what
follows. It should be noted, however, that all these forces oscillate at the
frequency f of the sound wave. Thus they are all linear, with zero time
averages. Since they are drag forces, they always act in the opposite sense to
the relative velocity of the sphere. Thus they act normal to the template,
attempting to lift the components off it in one half cycle of the acoustic beam
and then bringing the components back to it in the other half.
2.3.2.1 Added mass force
The added mass force results from the relative acceleration of the
sphere with respect to the local fluid. When this relative acceleration is
nonzero, the sphere moves with respect to the fluid, "carrying" along a certain
fluid volume in its vicinity to satisfy the boundary conditions at its surface.
The force needed to accelerate this extra volume of fluid is termed the added
mass force. The effect of this force is strongest near the surface of the sphere
and drops significantly as we move into the bulk fluid [35] .This force takes
the form:
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Faddedmass = CamPl .p du (2.42)
where Cam is the fraction of the displaced volume Vdisp of the fluid that is
carried along with the sphere, and u is the relative velocity of the fluid with
respect to the sphere. From potential flow theory, Cam is known to be 0.5 for a
spherical component [35]. This means that although the total volume of the
fluid that is influenced by the acceleration of the sphere may be considerably
higher, the net effect is equivalent to the simultaneous acceleration of a
volume of fluid equal to half the sphere volume of - fRl. The velocity of the
3
fluid with respect to the sphere is due to the sound wave, and its amplitude is
given by (2.37). Since the velocity and the acceleration are oscillatory, so is the
added mass force, and its amplitude is given by:
Fadded mass = (3 pR? 2 (2.43)
2.3.2.2 Viscous drag force
The viscous drag force is the result of velocity gradients between the
surface of the solid sphere and the bulk fluid. At the sphere surface, the
velocity of the fluid has to satisfy the no-slip boundary condition, meaning
that there can be no relative motion between the sphere and the fluid at any
point there. In the bulk fluid, the velocity takes a different value determined
from the acoustic flow field. This velocity gradient leads to a shear stress on
the surface of the sphere which acts along the direction of fluid flow. When
integrated over the sphere surface, the shear stress gives the viscous drag
force.
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This kind of drag, known as Stokes' drag, dominates over inertial drag
forces in the fluid for low Reynold's number flow, which is the case we have
here. For a sphere sedimenting into a viscous medium having a relative
velocity u, the expression for Stokes' viscous drag is [36]:
F,.iseozl = 6rypRu (2.44)
The above expression can be used to estimate the steady state viscous
drag on the sphere in our case, by substituting for u from (2.37). The resulting
viscous force is oscillatory with an amplitude given by [29]
F,.i(.uv = 6npR JW (2.45)
2.3.2.3 Basset force
The Basset force takes into consideration the deviations of the flow
pattern from steady state. It is sometimes known as the history term because
it depends on the past movements of the spherical component in the flow
field. It accounts for the diffusion of vorticity from the sphere into the fluid,
and the disturbance effect caused by the sphere's acceleration. Expressed in
an alternate way, the Basset force arises due to the temporal development of
the varying-thickness viscous boundary layer and wake around the sphere
due to its changing relative velocity. This wake is usually huge for low
Reynold's number flows, and takes a long time to settle [33, 35].
The general expression for the Basset force on an accelerating sphere in
a low Reynold's number flow was first derived by Basset in 1888. Assuming
the sphere is initially at a quasi-steady state and the continuous-flow is
spatially uniform away from it, the theoretical result for the force at a time t is
given by [33, 34]:
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2 /du I
Fnassel =-6R 'pp - dr (2.46)dr 
For a spherical body in an acoustic flow field caused by a
unidirectional plane wave, it has been shown that the Basset force becomes
important when the radius of the sphere is comparable to the acoustic
boundary layer thickness. This layer exists due to the diffusion of vorticity
away from the template surface under the action of the acoustic field, and will
be discussed in greater detail in Section 2.3.4. Its thickness is given by:
= (2.47)
And thus the Basset force is important when:
-- 0(1)
R1,
which is the case encountered here (as will be seen from the calculations). In
this case, the Basset force is oscillatory and its amplitude is given by the
following expression [21]:
Fnasse = 6npR, d R (2.48)
which, after substituting for the fluid velocity and the acoustic boundary
layer, can be simplified into
Fsel= 72pf Rp (2.49)
We note that in the above expression, the Basset force decays
as .j or t"', which is typical of diffusion processes. In this case, vorticity is the
entity being diffused, as explained above.
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2.3.3 Lift and Buoyant Force
Circulation of a fluid around a solid body generates a lift force due to
the pressure difference between the bottom and top of the body. This force is
oscillatory for our case and acts normal to the template. Ideally, the lift force is
of inviscid character, meaning that its magnitude doesn't depend on the fluid
viscosity. However, it has been shown that for small particles very close to a
solid wall, the lift force decreases significantly from its ideal value, due to
viscous effects and boundary layer formation, and its magnitude can be
neglected compared to the drag forces discussed above [291. This is indeed the
case we have, as the components are studied when they are very close to
(mostly in contact with) the template which acts as a solid wall, and the lift
force is neglected.
The net buoyant force is a result of the variation in hydrostatic pressure
distribution between the top and the bottom of a body immersed in a fluid. Its
magnitude is given by:
Fbuoant = (p-pp)Vd.,g (2.50)
where pr is the component density ,Vip is the displaced fluid volume (equal
to that of the component), and g is the constant of gravity. The buoyant force
as expressed above acts upward (opposite to gravity) and is time invariant.
By examining (2.43) and (2.50), it can be concluded that the ratio of the
buoyant force to the added mass force is roughly proportional to ,
2)rf I ( p)
where the denominator is the amplitude of the fluid acceleration. Thus when
the fluid acceleration is much larger than g, as is the case here, the buoyant
force can be safely neglected.
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2.3.4 Secondary Acoustic Forces
In addition to the primary forces above, which arise due to any low
Reynold's number flow past a sphere, there are also secondary forces which
result from the action of the ultrasonic wave traversing the assembly mixture.
Unlike the above forces, these secondary forces are nonlinear. Despite the fact
that the wave is oscillatory in nature, these forces are time independent and
are manifested in the form of net nonzero drifts over time. They are usually of
secondary importance compared to primary forces, but will nevertheless be
discussed briefly in what follows.
2.3.4.1 Acoustic streaming drag
Acoustic streaming is a time invariant mean flow parallel to the surface
of the template. It is generated due to the loss of acoustic momentum
resulting from the attenuation of the sound wave in the viscous fluid medium
[37].
From sound theory, it has been established that oscillatory sound
sources may generate a field in the fluid medium they traverse which is not
simply oscillatory. In addition to the sound field, which corresponds to a back
and forth motion for each fluid element, there also often exists a pattern of
steady vortices or time independent circulation in the body of the fluid. In
fact, when the Navier-Stokes equations governing the flow are solved, there is
indeed a time independent component of velocity which exists in addition to
the oscillating component [38]. This occurs because of small drifts in the
positions of the fluid particles during each acoustic cycle, caused by wave
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attenuation in the viscous medium [32]. This in turn leads to a mean nonzero
velocity component in the fluid known as acoustic streaming.
Many kinds of streaming exist, but the one that we are concerned with
is the near-boundary acoustic streaming. This type of streaming results from
the presence of a solid boundary (the template in our case) in the fluid which
acts as a vorticity source [38]. The sound field causes tangential motion to
occur in the vicinity of the solid-liquid boundary. This gives rise to a very thin
boundary layer, called the acoustic boundary layer, whose thickness 6 is
given by (2.47). In this layer, where many vortices occur, steady viscous
stresses arise due to the mean flow and are exerted on any component close
enough to the solid boundary. Since our solid spheres are significantly small
and close to the template surface, they are affected by the drag resulting from
this acoustic streaming phenomenon [37].
It has been shown that this drag takes the same form as the steady
Stokes drag (2.44) when the component size is comparable to 6, after
replacing the instantaneous fluid velocity by the streaming velocity i [29].
This streaming velocity near a solid surface is given by [20]:
i 
- (2.51)
fa
where U is the amplitude of the fluid velocity due to the acoustic wave, f is
the wave frequency, and a is the characteristic length of the oscillatory
tangential velocity surface gradient. The direction of i is parallel to the solid-
liquid boundary, or the template surface, as mentioned previously. The
parameter a can vary widely, from the wavelength A of the sound wave to the
local geometry where streaming takes place (for instance, the component
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radius RP). In this case, we will use Rp for a, to calculate the largest order of
magnitude value that this force can have (RP being much smaller than A).
Once iis found, the acoustic streaming drag force becomes:
F = 6flpRv (2.52)
2.3.4.2 Radiation pressure force
Another non-linear effect resulting from the sound field is the so called
radiation pressure force. This kind of force is not restricted to sound waves,
for it is a well established fact that all forms of wave motion exert some form
of unidirectional radiation pressure on absorbing and reflecting obstacles in
their path [39]. For our case, the components present in the assembly mixture
scatter the acoustic waves produced by the transducer and reduce the
acoustic energy intensity through re-radiation [371. The resulting force exerted
on the components is known as the radiation pressure force.
The exact source of this force is debatable, where some scientists
believe it is a result of a non-zero time averaged sound pressure in the beam
which emerges due to the presence of a solid body, while others believe it
may be due to momentum transfer from the beam to the body [39].
Nonetheless, it is agreed that this force has a nonzero time average, and it acts
in the direction of the sound wave. For our case, this means that the radiation
pressure force will act normal to the template, attempting to move the
components away from the template surface. The magnitude of this force
increases with frequency, and it is believed to play an important role in
component separation especially at high (gigahertz) frequencies.
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When the component is spherical, and its size is much smaller than the
wavelength of the traveling acoustic wave, the magnitude of the radiation
pressure force is given by [21]:
FradiauIon =64p RlU 2  (2.53)
2.3.5 Total Removal Moment
The removal forces in Section 2.3 can be used to calculate the resultant
moments by multiplying each force by the corresponding moment arm. When
a spherical component is in contact with the interior surface of a hole, the line
joining the point of contact and the center of the sphere usually forms a
nonzero angle 0 with the vertical, as shown in Figure 2.12b. Therefore, each of
the vertical forces (added mass, viscous drag, Basset, and radiation force)
exerts a moment which attempts to roll the sphere along the hole. The
magnitudes of the moments corresponding to these vertical forces are given
by:
A' added mass = Fadded mass R, sin 9 (2.54)
Al iveos = s sin 9 (2.55)
Maset =FHasset RI, sin 0 (2.56)
/f radialion = Fradialion RJ) sin 9 (2.57)
The horizontal acoustic streaming force also contributes a moment
which assists the above moments in rolling the sphere along the template, and
whose magnitude is given by:
Mac drag = Fac drag RI, cos0 (2.58)
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The moments due to the primary forces are time-dependent, and thus
are characterized by both a magnitude and a phase. The phase of each
moment is the same as that of the force causing it. The phases of the added
mass and viscous forces are 900 apart, since the latter of these forces is
proportional to a sinusoidal quantity (the relative fluid velocity u) while the
former is proportional to the derivative of that quantity, as can be seen from
(2.43) and (2.45). The Basset force is generally taken to be midway in phase
between the added mass and viscous forces, forming 450 with each [21]. From
the phasor diagram shown in Figure 2.11, the magnitude Mprimary of the total
primary moment due to the primary forces is given by:
Mprimary = VI>scous + Al.,, cos(45') +(Maddedrnas + s sin(45 )) (2.59)
MBasset
Madded mass
450
Myiscous U
Figure 2.11: Phasor diagram showing the relative phases of the added mass, viscous, and Basset
moments with respect to each other and to the relative fluid velocity u
The total removal moment Mrem acting on the sphere is the sum of the
primary moment, the acoustic streaming moment, and the radiation pressure
moment. The last two of these moments simply add as scalars to the
magnitude of Mprimary because they are time independent.
Mrem = Madded mass +Mradialion +Mrimary (2.60)
When the sphere is rolled from the inside of the hole to a flat portion of
the substrate, acoustic streaming still contributes a rolling moment
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A ac drag = Fac drag RI (2.61)
whereas the vertical forces contribute zero moment, since their lines of action
now pass through the point of contact between the sphere and the substrate.
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Jung et al. [21] propose that for selective assembly to occur, two criteria
must be met. First, the magnitude of the retention force (or moment) on the
component due to adhesion must be comparable to the magnitude of the total
removal force (or moment). If retention is much weaker than removal, no
components will be assembled. If retention is much (as in many orders of
magnitude) stronger than removal, then all the components will adhere to the
very first locations they hit the substrate on, or to each other, forming clusters
and assembling in undesired locations. Secondly, the removal process must
be irreversible and complete. This means that once a component is removed
from the template, that component must not be able to return to its original
position for selective assembly to work, despite the fact that the sound wave
is oscillatory. This irreversibility can come from two sources according to [21].
One is the time-independent removal forces which have nonzero means, and
hence always attempt to move the component in one direction. The other
source is the topography of the template itself, where the moments acting on
the component in one location on the template change in magnitude when the
component changes location, even if the forces causing these moments are
equal and opposite in both cases.
Removal can either take place by lift off or roll off. Lift off occurs when
the magnitude of the removal force acting normal to and away from the
template surface, is greater than that of the retention force acting towards the
surface. Roll off, on the other hand, occurs when the total removal moment
trying to roll the component from the center of the hole towards its edge is
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larger than the adhesive moment attempting to keep the component in its
place.
The only force which can contribute to lift-off while assuring
irreversibility is the radiation force, since it always acts normal to and away
from the template. Other vertical forces are oscillatory and their time
averaged contribution to lift off is zero. The acoustic streaming drag force is
parallel to the template and its contribution to lift-off is also zero. Thus, lift off
will take place if the magnitude of the radiation pressure force Fradiation
determined from (2.53) is larger than that of the adhesion force determined
from (2.26). If the net downward gravitational force (equal in magnitude to
the net upward buoyant force) is comparable to the adhesion force, then the
radiation force must be compared to the sum of the adhesion and
gravitational forces.
All five forces (added mass, viscous drag, Basset, acoustic streaming
drag, and radiation force) can contribute to roll-off. The total moment caused
by these forces satisfies the irreversibility criterion. The individual moments
caused by the first three forces meet the irreversibility criterion because the
moment arm is nonzero when the component is inside the hole, and zero
when the component is rolled to the flat substrate. This is despite the fact that
the forces are equal and opposite in magnitude between the two instances.
The moments caused by the last two (or secondary) forces satisfy
irreversibility as they are already time independent. Thus, roll off will take
place if the magnitude of the total removal moment Mrem is larger than that of
the adhesion moment Mret determined from (2.30).
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The two mechanisms of lift-off and roll-off will be examined and
studied quantitatively to determine which is more important in our assembly
process. An illustration of the two mechanisms is shown in Figure 2.12.
(a) (b)
Force but no
moment
t Non-oscillatoryforce
Figure 2.12: An illustration of the two possible mechanisms of component removal from the template:
(a) lift-off from the surface and (b) roll-off along the surface
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CHAPTER 3
Experimental Work
3.1 General Overview
The main elements in the TASR experiment are the template and the
components. The template is a silicon die with a patterned layer of thermally
grown oxide on top, which serves as a platform for the components to
assemble on. The components used are silica microspheres (manufactured by
Corpuscular Inc.) having two different diameters: 636 ±19 nm and 2 ±0.06 Am.
The first step in the experiment consists of patterning the template into a
shape which matches the 3-D geometry of the components. The template and
the components are then coated with self assembled monolayers (SAMs)
which render their surfaces hydrophobic, or dewetting. To perform the
experiment, the template and components are placed in a small beaker called
the assembly beaker containing a mixture of water and acetone, called the
assembly mixture. A large water beaker located beneath the assembly beaker
contains an acoustic transducer. Electric power is supplied to the transducer
to produce acoustic waves which hit the assembly beaker at normal incidence,
creating a flow field in the assembly mixture. The flow circulates the
components and drives the assembly process, acting as the removal agent as
explained in Chapter 2. The experimental setup is shown in Figure 3.1. The
tools used during the experiment are shown in Figure 3.2. A schematic
illustration of the experiment was shown in Figure 2.1.
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Gripper Large beaker transducer Template
Figure 3.1: The experimental setup (left), with a magnified view of the assembly beaker (right)
Centrifuge Ultrasonic
bath
/ /I
Ultrasonic Vortex Variable voltage
transducer generator transformer
Figure 3.2: Main tools used in different stages of the experimental work
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The template is patterned to match the shapes of the components to be
assembled. This allows the retention forces and moments acting on the
components to dominate over their fluidic removal counterparts when a
component settles in a desired location, by increasing the contact area
between the component and template. Since the components in our
experiment are spheres of two different sizes, the template is patterned using
two levels of e-beam lithography and etching, to produce hemispherical holes
with two different depths almost equal to the radii of the components.
3.2.1 Starting Material
The starting material for the template is a 4" (100) test-type silicon
wafer. The wafer is 525 ± 25 pm thick, and is doped with Antimony to achieve
a resisitivity of 0.01-0.02 Q-m. The wafer is chosen to be 4" because the tool
used for e-beam lithography (discussed in Section 3.2.3 below) is incapable of
handling larger wafer sizes. The thickness, doping level, and quality of the
wafer are not of critical importance in this experiment, because the layer
which is really patterned is the oxide layer that is grown on top of the wafer,
as discussed in Section 3.2.2.
3.2.2 Oxidation
The wafer is subjected to a standard RCA clean and then thermally
oxidized. Oxidation is used due to the ease with which an oxide layer can be
patterned to contain hemispherical shapes, by using wet isotropic etching.
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The recipe used for growing the oxide is wet oxidation at 1050 OC. Three runs
are required; the first two are for 200 min each and the third one is for 55 min.
The resulting oxide is 1.7 pm thick. In reality, any oxide thickness greater than
the radius of the largest component used in the experiment (1 pm) will be
sufficient. We chose this particular thickness to allow for the possibility of
using larger components later if the need arose.
3.2.3 E-beam Lithography
The need to pattern hemispherical holes in the template necessitates
the use of a lithographic technique which, when combined with isotropic
etching (discussed in Section 3.2.4), produces shapes that are as close as
possible to perfect hemispheres. The ideal exposed spot in the resist is thus a
point spot, or a spot with zero area, that runs through the resist thickness.
Since in reality this can not be achieved, the technique used has to produce
etching initiation spots in the resist which have the smallest possible area.
With conventional photolithography, these spots are usually large and the
resultant profile of the hole after etching has spherical sidewalls but a flat
bottom, resembling a "bath tub". Electron beam (e-beam) lithography, on the
other hand, has the capability of exposing much smaller spots in the resist, in
the form of square-like shapes with spot sizes, or characteristic side lengths, of
about 50-100 nm. Thus e-beam lithography was used for patterning the
template. The difference in the resultant hole profiles produced by using
conventional lithography and e-beam lithography is shown in Figure 3.3.
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(a) (b)
Figure 3.3: An illustration of the different hole profiles produced by using: (a) conventional optical
lithography and (b) e-beam lithography
The e-beam tool consists of an electron gun which exposes spots on the
resist surface by means of a beam steering mechanism, which moves
according to a certain CAD layout that is fed into the machine (hence
eliminating the need for physical masks). The exposure dose and the spot size
on the layout are variables which need to be calibrated depending on the
particular application. For our case, we needed exposure spots that were as
small as possible, to produce a hemispherical profile in the oxide after
etching, yet large enough to allow exposure of the whole resist thickness.
Thus a demo experiment was run to determine the optimal spot size and dose
and these were found to be 50 nm and 2116 pC, respectively.
Holes for the assembly of two different sizes of components are
required, and thus the template requires etching through two different levels
using two steps of lithography. The CAD layout has to account for this fact by
including alignment marks.
The CAD layout for a unit die is shown in Figure 3.4. There are nine
arrays of spots. A numerical label (1-9) is used to identify the arrays. Arrays 1,
2, 4, 5, 7, 8 contain 400 spots of 50 nm size each, 200 of which are exposed
during each lithography step. Arrays 3, 6, and 9 contain 144 spots of 50 nm
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size each, 72 of which are exposed during each lithography step. Arrays 1,2,
and 3 are written at the nominal dose of 2116 pC. Arrays 4,5, and 6 are written
at 81% of the nominal dose (1720 pC), and arrays 7,8, and 9 are written at 69%
of the nominal dose (1471 pC), to check for the possibility of going below the
nominal dose and getting reliable results. In other words, if spots written with
a dose less than nominal get exposed and develop reliably, they would lead to
more isotropic holes after etching and would thus provide better contact area
with the components. The spots (for a given level of lithography) in arrays 1,
4, and 7 are spaced at 1 jm distance from each other, those in arrays 2, 5, and
8 are spaced at 4 pm distance, and those in arrays 3,6, and are spaced at 8 pm
distance. The purpose of varying the spacing is to check for any effect of dose
interaction on the resultant profiles. The smaller the spacing, the larger is the
dose interaction expected to be and thus the exposed spot. Coarse and fine
alignment marks are used to align the beam steering mechanism during the
two steps of lithography. These alignment marks are exposed during the first
lithography step, etched, and then used during the second lithography step
for alignment. Finally, the unit die layout is exposed a certain number of
times on the wafer to produce the desired number of dies (10x1O in our case).
Diesaw marks on the layout assist with the diesaw cutting performed at a
later stage.
The resist used for e-beam lithography is a solution of 2.4% 900k
polymethyl methacrylate (PMMA) in chlorobenzene. The wafer is pre-baked
on a hot plate at 2200C for 10-15 minutes, and then allowed to cool for 5
minutes. Then the liquid resist solution is poured over it and the wafer is
88
3.2 Template Patterning
spun for 5 s at 500 rpm followed by 90 s at 3000 rpm, to produce a 125 nm
thick layer of resist on the wafer. Finally, the wafer is post-baked at 220 oC for
1 hr to cure the resist.
After the CAD layout is fed into the e-beam tool, the wafer is attached
to a chuck plate, aligned to it, and then loaded into the tool. To assure good
focusing of the beam over the whole wafer area, few gold dots in solution are
deposited on different locations along the periphery and center of the wafer.
Then the values of the focus parameters required to get a good visual
resolution of these dots using the SEM facility of the e-beam tool are
measured and recorded. These values indicate the heights, with respect to the
gun, of the different locations on the wafer where the gold dots were
deposited, and thus must be uniform for proper focusing. If these values are
found to be different, the chuck is unloaded, the wafer is adjusted, and the
above process is repeated. Once the focus parameter values converge, writing
is initiated, and the resist is exposed according to the layout.
After the writing process is complete, the resist is developed in a
solution of 1:2 MIBK/IPA at 250C, for 90 seconds. The developer causes the
cross linking in the exposed spots to get weaker and the resist is removed
from these spots, leaving the desired pattern. This is followed by a methanol-
isopropanol-water rinse.
The lithography step is repeated twice, each time followed by an
etching step, to allow for the 2 different depths of holes desired. Alignment
marks are written during the first step, etched with the first level of holes, and
then used for alignment in the second lithography step.
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Figure 3.4: The CAD file used in the e-beam lithography steps, showing the overall layout of a unit die
(top) and a magnified view of one array of spots on that die (bottom)
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3.2.4 Etching and Cleaning
After each lithography step, the oxide is etched. Since hemispherical
holes are desired, buffered oxide etch (BOE), consisting of a 6:1 solution of
40% NH 4F: 49% HF, is used, being an isotropic etchant (both NH4F and HF
are diluted in water). A flask is filled with the BOE solution and placed in an
ultrasonic acoustic bath, and then the wafer is immersed into the flask and the
etch is timed. The purpose of using an ultrasonic bath is to degas the bubbles
which form as etching by-products and which may block some of the
developed openings in the resist and prevent etching. A demo experiment
was used to characterize the etch rate which was found to be approximately
90 nm/min. As mentioned, two etching steps are required, one after each
lithography step, to produce the different sizes of holes. The first etching step
is done for 3 min 30 s, producing ~ 318 nm deep holes. The second step is
done for 11 min 7 s, producing ~ 1pm deep holes. The smaller holes are
etched first to allow for less topography variation in the wafer and thus better
resist coverage during the second lithography step. Each etch is followed by a
Piranha clean (1:3 solution of H2 0 2 : H2S04) to strip the remaining photoresist.
The wafer is then cut into dies using the diesaw machine. The complete
process flow for patterning the template is shown in Figure 3.5.
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1. Start with Si wafer
6. Piranha clean to remove PMMA
2. Grow 1.7 pm of oxide
3. Spin 125 nm of PMMA and bake
4. E-beam to expose PATTERN 1
5. BOE etch to form small holes
Silicon
7. Spin 125 nm of PMMA and bake
8. E-beam to expose PATTERN 2
9. BOE etch to form large holes
10. Piranha clean to remove PMMA
- Silicon oxide PMMA
Figure 3.5: Template fabrication process flow
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The patterned oxide layer on the template is hydrophilic. A self
assembled monolayer (SAM) is grown on its surface to render it hydrophobic.
This SAM layer promotes adhesion between the coated template and the
coated components in the experiment. The coating is done using toluene
based octadecyltrichlorosilane (OTC), as stated in Section 2.2.1.
The template coating process starts by cleaning the template using
Piranha, followed by rinsing using water and then ethanol, and finally air
drying. During the same time, about 6 drops of OTC are added to 75 mL of
Toluene, and the resulting mixture is set aside in a covered tube for about 45
minutes. The Piranha cleaning step must be done within 30-40 minutes of this
mixing step, to allow the toluene and OTC to mix well but not overly,
otherwise affecting the coating quality. It is also essential that the template is
dried well after cleaning to prevent polymerization of the SAM as explained
in Section 2.2.1. The solution is then poured into a flask and the template is
immersed in it face-up. The flask is covered with a lid and placed in an
ultrasonic bath (3510R-DTH Bransonic, manufactured by UL Transonics
Corp.) for 30 minutes for the purpose of sonication. Sonication creates an
ultrasonic flow field in the bath which prevents the coating solution from
coagulating at certain spots on the template, and thus leads to a more uniform
coating quality. After that, the template is removed from the flask, and is
cleaned by spraying it thoroughly with dichloromethane, followed by
acetone, to remove any remaining traces of the precursor (toluene-OTC)
mixture. Precursor molecules left uncleaned for a long time on the SAM can
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damage the coating. Dichloromethane is more powerful in removing the
precursor traces than acetone, and is followed by acetone spraying to assure a
final gentle impact on the coating. The coating is then ready. Its functionality
can be checked by pouring a small drop of distilled water on the template and
visually inspecting its shape. The drop should assume the dewetting shape
(shown in Figure 2.3b) if the coating was successful.
94
3.4 Component Functionalization
3.4 Component Functionalization
The components also need to be coated with a SAM before being used
in the experiment. Again, toluene-based OTC is used to render the
components' surfaces hydrophobic. The coating process is described below
and is identical for both sizes of spheres.
As purchased, the components come dispersed in a water volume.
Before applying the coating, the components need to be dried, again to
prevent SAM polymerization. Drying is achieved by first filling a small tube
with a sample of the components (in the water suspension) and replacing the
water with methanol, which has a lower vapor pressure and lower adhesion
to silica (of which the components are made) than water. The replacement
process is achieved by centrifuging the tube (using Microfuge 18 Centrifuge,
by Beckman Coulter TM) to separate the components from the water, piping
out the water, filling the tube with methanol, shaking it using a vortex-
generating tool (Vortex-2 Genie, by Scientific Industries) to assure that the
components get dispersed in the new methanol mixture, and then repeating
this whole process 2 or 3 times. The resulting mixture is then heated, which
causes the methanol to evaporate and leaves the components alone. Heating
is done by first covering the tube loosely with aluminum foil to protect
against dust and large contaminates, while allowing for the methanol to
evaporate, and then placing it in an oven (Isotemp Vacuum Oven Model 201,
by Fisher) at 1200C for 24 hours.
At the end of the above step, the components are dried and are left
alone in the tube. About 2 drops of OTC are added to 3 mL of Toluene, and
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the resulting mixture is allowed to settle for a few minutes. Then this mixture
is poured over the components and the tube is closed tightly, shaken with the
vortex tool to assure uniform dispersion of the components, and then placed
in a sonic bath for 30-45 minutes. The purpose of the sonication step is to
assure a uniform coating and to prevent agglomeration of the components,
which now have a greater affinity to each other than to the solution they are
present in. After sonication, the components are successfully coated.
However, they must be moved from the toluene-OTC mixture to a
dichloromethane solution, and then to an acetone solution, to remove any
traces of the precursor coating molecules, as with the template case. Thus the
tube containing the components and the toluene-OTC mixture is centrifuged,
the unwanted solution is piped out, the desired solution (dichloromethane at
first) is poured into the tube, the tube is shaken using the vortex tool, and
these steps are repeated 3 times. Then the same process is carried out to
replace the dichloromethane with acetone. At the end of this step, the coated
components are present in an acetone dispersion, and thus are ready to be
used in the experiment.
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After patterning the template and coating its surface, as well as the
components' surfaces, with the SAM's, the TASR experiment is performed.
The experimental setup is shown in Figure 3.1 and a schematic of the
experiment was shown in Figure 2.1. A large beaker is filled with water and
an acoustic transducer (MMDIT-1.7, by Advanced Sonics) is placed in it. The
height of water above the transducer is adjusted to about 2 ± 0.1 cm. The
input voltage (and thus power) to the transducer is controlled by a variable
voltage transformer (L10C, by The Super Electronic Company). This voltage
can be varied from 0 V to 130 V, with the corresponding electrical input
power varying from 0 W to 36 W. The transducer operates at 1.7 MHz
frequency. At this frequency, the threshold intensity for the onset of cavitation
is orders of magnitude higher than the maximum input power to the
transducer, which assures that cavitation will not occur [21]. A gripper is used
to hold the assembly beaker above the transducer, while immersing its
bottom to about 0.75 ± 0.1 cm into the water in the large beaker. About 1.25 ±
0.02 mL of the acetone-water assembly mixture (of variable water
concentration) is poured into the assembly beaker. The template is then
placed in this beaker, face up, and a dispersion of the coated components of
each size in acetone is dropped, using a pipette, into the assembly mixture,
after shaking the tube containing the components with the vortex tool. A
high density of components is used to ensure many hits between components
and template once the experiment is started. The small beaker is then
immediately capped to prevent acetone evaporation, the power to the
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transducer is turned on, and a stop-watch is used to record the time. Each
experiment is allowed to run undisturbed for 5 minutes (unless the template
moves during the experiment, in which case it is quickly brought back to its
position using the tweezers). At the end of each experiment, the cap is
removed, and the template is taken out of the assembly mixture and inspected
using an optical microscope to check the yield, or the fraction of holes that are
filled with components. Power to the transducer is turned off only after the
template has been removed from the mixture to avoid any consequences of a
sudden change in the ultrasonic flow field. Inspection is done by counting the
number of holes that were filled with components, and dividing by the total
number of holes, for each of the two different hole sizes.
The above experiment is repeated for three different water
concentrations by volume of the assembly mixture: 4% water, 8% water, and
20% water. The purpose behind varying the concentrations of water and
acetone is to assess the effect that the interfacial energy of the solution (which
varies with these concentrations) has on yield. For each of these different
concentrations, the experiment is also performed for a range of power supply
voltages (ranging from 50V to 11OV), and hence a range of power inputs to
the transducer, in order to assess the effect of transducer power on yield.
During each run and between different runs, care is taken to keep the
assembly beaker capped at almost all times, to assure that the acetone doesn't
evaporate, which would lead to a change in the interfacial energy of the
mixture.
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Care is also taken to assure that the position of the template stays the
same with respect to the assembly beaker. The template position is found to
play a role in the outcome of the experiment, specifically in the yield, by
affecting the flow pattern. Thus it affects the degree to which the assembly
mixture is stirred in addition to the magnitude of the removal forces and
moments. Hence the template must be kept in the same position if we want to
assess the effect of the other variables, such as power and interfacial energy of
the assembly mixture, independently on the yield. This is achieved by placing
the template in the most stable position in the beaker, determined from
several trials. In the case where the template moves from that position, the lid
is opened and the template is brought back to its original position using the
tweezers, and then the lid is closed again. This is done quickly (in not more
than a few seconds) so that the disturbance to the flow field and the
experiment is kept minimal.
It is also found that the level of water in the large beaker and the
position of the transducer in it affect the yield. The water height affects the
intensity of the acoustic beam at the template surface according to (2.38). The
position of the transducer affects the flow field in the assembly mixture as
described in the previous section. These two factors are kept fixed by using
the same volume of water to fill the large beaker for different experiments,
and by drawing a circular contour on the ground of the beaker and making
sure that the transducer always lies within that contour. To assure further
consistency between different runs, the gripper which holds the assembly
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beaker is glued to the ground and the assembly beaker is always kept at the
same position with respect to the large beaker and the transducer.
Another factor which is found to affect the yield is the volume of the
assembly mixture present in the small beaker, as the greater this volume is,
the weaker is the stirring of the mixture at a given transducer input voltage.
So this volume is also kept fixed to 1.25 ± 0.02 mL (while changing the
individual concentrations of each of the water and acetone to allow for
different interfacial energies of the mixture).
The concentration of components used in the experiment also appears
to affect the degree of attenuation of the acoustic wave in addition to the
frequency with which the substrate meets components. Both of these factors
affect the yield (the second factor affects the yield because the assembly time
is fixed). In an attempt to keep this concentration roughly fixed, the same
number of drops is used from the tube containing the dispersion of prepared
components, after thoroughly shaking this tube using the vortex tool.
In addition to all the factors mentioned above, the topographical
differences between different templates due to microfabrication are found to
have an effect on the yield of the experiment. When these differences are
minimal (as determined from profiling the template using atomic force
microscopy), the variations in yield are found to be small. Therefore, just to
guard against any such possible differences, the same template is used at any
given time to study the effects of variable transducer input voltage and
variable interfacial energy on yield. This recycling of the templates is possible
because of the ability to clean the template from components after each run.
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Cleaning is done by placing the template in a beaker containing about 2 mL of
ethanol solution, and then subjecting the beaker to sonication for about 20 s.
Ethanol works properly as a cleaning agent because its interfacial energy is
low enough to allow the components to detach from the spots they are
occupying. At the same time, ethanol has a gentle impact on the coating
during sonication which preserves the coating quality. Other solvents, such as
acetone, are found to degrade the quality of the coating when used in
conjunction with sonication to clean the template. This is believed to be most
probably due to some pitting mechanism against the template surface which
lowers the interfacial energy and thus decreases the yield in subsequent
experiments.
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To evaluate the interfacial energy of each of the water-acetone mixtures
used with the template surface, an experiment is conducted to generate a plot
that correlates the interfacial energy of the mixture to the volumetric water
concentration. Acetone-water mixtures at different concentrations, ranging
from 0% water to 50% water, by volume, are prepared and drops of each are
poured on a coated template and studied using goniometry. The basic
elements of a goniometer include a light source, a sample stage, a lens, and an
image capture. A schematic of a goniometer is shown in Figure 3.6. The shape
of each drop of the test liquid placed on the coated template is captured, and
the contact angle that the liquid forms is assessed directly by measuring the
angle between the solid and the tangent to the drop surface. The contact angle
is then correlated to the interfacial energy as outlined in Section 2.2.2. For
each water concentration, this is repeated three or four times to average the
variations between advancing and receding contact angles, and to get an
accurate and representative value of the interfacial energy.
Liquid
Dispenser
Light
Source Lens
Drop
Sample Stage
Image
Capture
System
Figure 3.6: A schematic illustration of a goniometric system used for contact angle measurement
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At the end of each experiment, the template is removed from the
beaker and inspected using an optical microscope (Axioshop 2 MAT by
Zeiss). Typical magnification used is 50x. The microscope allows real-time
manual inspection as well as computer inspection, by feeding the image to a
computer program associated with the microscope. The latter approach is
used to take still images of the template after each experiment. Figure 3.7
shows a sample optical micrograph. Yield is then calculated by counting the
number of holes of each size that are filled with components (of a given size),
and dividing by the total number of holes of that size
Empty
small hole
Empty
large hole
Small sphere in Large sphere
small hole in large hole
Figure 3.7: An optical micrograph of a template on which the TASR experiment was performed,
containing small and large assembled spheres and empty holes
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Atomic force microscopy is also used to confirm the yield and to study
the exact profiles of the holes, which will be used in the calculations later on.
A tapping mode atomic force microscope (AFM D3000 by Veeco Instruments)
is used for this purpose, and the profiling is done using a silicon nitride
cantilever probe that scans the surface of the template (in the x and y
directions). For each location on the template, the electric current required to
maintain a certain set-point voltage is measured. This current is then
associated with a vertical distance (z) from the surface of the template. A
sample 3-D AFM image of a hole is shown in Figure 3.8a, and a cross section
of this hole is shown in Figure 3.8b. The post processing software (Nanoscope
by Veeco Instruments) accompanying the AFM allows for the flattening of the
surface after scanning, to offset any artifical slope caused by the cantilever or
by tilting of the sample at the time of scanning. To do so, the areas external to
the area of interest (the hole in this case) are selected, since these areas are
known to be flat and at the same depth in reality. Then a command which
levels these areas is executed. Nanoscope is also used to perform surface
analysis in order to determine the rms roughness and maximum peak heights
of the hole and component surfaces. These are necessary for calculating the
roughness factor, which, when multiplied by the nominal contact area, gives
the real contact area between component and substrate, as explained in
Section 2.2.4. Hole profile curve fitting, for the purpose of getting polynomial
functions describing the shapes of the holes, is done using another AFM post-
processing software (SPIP by Image Metrology).
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Figure 3.8: The results of the AFM image analysis of a small hole using Nanscope software, showing a
3D view of the hole (top) and a more detailed cross-section of the hole with measurements (bottom)
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Results and Discussions
4.1 General Overview
In this chapter, the experimental results of patterning the template and
performing the TASR experiment, as described in Chapter 3, are presented.
Then the calculations outlined in Chapter 2 are carried out, and an attempt is
made to correlate the theoretical results with the experimental findings. This
is followed by a discussion section which describes, in a more qualitative
manner, the physical significance of our findings.
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4.2.1 Template Patterning
The template is patterned according to the process flow described in
Section 3.2. An optical micrograph of a patterned template is shown in Figure
4.1.
Large hole
# Small hole
Figure 4.1: An optical micrograph of an array of holes on a patterned template prior to performing the
TASR experiment, showing the small and large holes
Before proceeding to the assembly experiment, the template is
inspected using atomic force microscopy to assure that the holes have
approximately hemispherical shapes with the proper dimensions. Holes in
the different arrays are scanned, and it is found that those in Array 3,
characterized by an e-beam dose of 2116 pC, and same- size hole spacing of 8
pm, have all developed and been etched with shapes that match well the
spherical components. Other arrays either developed partially (for example,
those exposed to lower doses) or had less hemispherical holes (for example,
those that were more closely spaced). As a result, the experimental results in
what follows are based on Array 3 from each template, because this array is
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expected to give the best yield while assuring that the results are reliable. The
average depth and surface diameter of each hole size (small and large) are
given in Table 4.1, along with the corresponding radius of the component that
is intended to be assembled in each hole. AFM images of a small hole on a
patterned template were shown in Figure 3.8. It is noticed that the holes
deviate slightly from the ideal hemispherical shapes mostly at their centers
and edges. The deviation at the centers is due to the finite size of the etching
initiation spots produced by e-beam lithography as explained in Section 3.2.3.
The deviation at the sides is most probably due to resist delamination. This
means that the PMMA loses it adhesion to the oxide at the hole edges at some
point during the etching process, due to the action of the BOE solution. This
in turn causes those edges to be attacked by the etchant resulting in hole
shapes that are not exactly hemispherical.
Average Average surface Corresponding radius
depth (nm) diameter (nm) of component intended
for assembly (nm)
Small hole 311 810 318
Large hole 929 2192 1000
Table 4.1: AFM results for the average depth and surface diameter of the small and large holes and
the corresponding radii of the components that are intended for assembly in each hole.
4.2.2 Yield Results
After inspecting the hole dimensions, the components and the template
are coated with the SAM and the assembly experiment described in Section
3.5 is conducted. The main control variables in the experiment are the AC
input voltage to the power supply of the transducer and the percentage of
water in the assembly mixture. The input voltage affects the power to the
ultrasonic transducer and thus the intensity of the acoustic beam. The volume
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of water in the assembly mixture (while keeping the total mixture volume
fixed) primarily alters the mixture's interfacial energy and to a lesser extent,
the other properties that affect the fluidic forces and moments (such as
density, bulk modulus, and viscosity). To see the effects of these variables, the
experiment is carried out for three different acetone-water mixtures
(concentrations given are by volume): 4% water, 8% water, and 20% water.
For each of these mixtures, the experiment is performed over a range of AC
input voltages to the transducer, ranging from 50 VAC to 100 VAC for the
first two mixtures and from 60 VAC to 110 VAC for the third. The largest
possible input voltage to the transducer is 130 VAC.
After each experiment mentioned above, the yield, defined as the ratio
of holes of a given size containing spherical components of a particular size
(not necessarily the same as the hole size) to the total number of holes of the
original size, is calculated for the following cases ("small" and "large"
terminology following that of Section 2.2.3.1):
* Small spheres in small holes (s in s ratio)
* Large spheres in large holes (L in L ratio)
* Small spheres in large holes (s in L ratio)
" Large spheres in small holes (L in s ratio)
The first two yield calculations above provide the essential information on
the "useful" yield of the experiment, defined as the percentage of holes filled
with the desired components (i.e., components of the matching size). The last
two yield calculations provide information on the selectivity of the process, or
how successful the process is in differentiating between the two sizes of
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components and keeping the number of holes filled by the unmatching size of
components to a minimum. The total number of holes of each size in Array 3
is 72, as mentioned in Section 3.2.3.
In addition to the above calculations, the defects, defined as
components or clusters of components or particulates on the template surface
which do not fit into any of the above four categories, are also counted. The
area over which the defects are counted is the hole array area extended by
about one lattice spacing on each side. Then the number of these defects is
divided by the total number of holes to give the defect yield. This can be
viewed as some form of defect density where, instead of dividing by the
useful area of the chip, we are dividing by the total number of functional sites
on the chip, i.e. where the components are to be assembled.
The plots of yield versus AC input voltage are shown in Figure 4.2, for
each of the three water mixtures. The legend used is as explained above.
Figure 4.3 shows the optical micrographs of a template after
performing the assembly experiment at different input voltages, for the 8% by
volume water assembly mixture case. Empty holes of different sizes, holes
filled with each size of components, and defects are indicated.
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Figure 4.2: Plots of yield of small components in small holes (s in s), large components in large holes
(L in L), small components in large holes (s in L), large components in small holes (L in s), and
defects, versus transducer input voltage, for an assembly mixture water concentration by volume of: (a)
4%, (b) 8%, and (c) 20%
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Empty
large hole
(a)
(C)
Empty
small ole
(b)
Small sphere Large sphere
in small hole in large hole
(d) /h
D(f cts(e) 7/ 'In
Figure 4.3: Optical micrographs of a template on which the TASR experiment was performed for an
assembly mixture water volume concentration of 8%, and for a transducer input voltage of : (a) 50
VAC, (b) 60 VAC, (c) 70 VAC, (d) 80 VAC, (e) 90 VAC, and (f) 100 VAC, showing spheres of the
two different sizes in their corresponding holes, empty holes of both sizes, and defects.
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4.2.3 Repeatability
The experiment is repeated various times under the same input voltage
and assembly mixture conditions for a given template (after cleaning the
template each time as described in Chapter 3), and then for different
templates. This is done to study the repeatability, or how well the experiment
produces similar results each time it is conducted at the same conditions. It is
found that various other factors affect the repeatability in addition to input
voltage and mixture concentration. These factors and their implications are
discussed in detail in Section 4.4.1 below. However, when all these factors are
kept fixed, it is found that the experiment is repeatable to within a 3% error by
recycling a given template, and also to within a 3% error by using different
templates. Table 4.2 summarizes the different 'useful' yield values (i.e., of
small components in small holes and large components in large holes)
obtained by repeating the experiment on a single template, at an input voltage
of 90 VAC and a water concentration by volume of 20% in the assembly
mixture. Table 4.3 summarizes the different yield values obtained by
repeating the experiment on three different templates, at an input voltage of
80 VAC and a water concentration by volume of 8%. The corresponding
optical micrographs of the templates during each experiment are shown in
Figure 4.4 for the single template case, and in Figure 4.5 for the multi-
template case. It should be noted that, for these last two figures, the defects
might appear to be numerous from a first glance, since the eyes are very good
in spotting deviations from patterns. In reality, however, a careful counting of
the defects and comparison with the total number of functional sites (i.e. total
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number holes to be filled with components, which is 144 for Array 3 in each
template in this case) reveals that the defect density is relatively low.
Trial A B
Yield (s in s) 0.72 0.69
Yield (L in L) 0.96 0.97
C
0.72
0.94I
Table 4.2: Yield values for the cases where the TASR experiment was repeated three times on a single
template under the same conditions of 90 VAC transducer input voltage and 20% assembly mixture
water concentration by volume
Template 1 2 3
Yield (s in s) 0.9 0.89 0.92
Yield (L in L) 0.96 0.94 0.97
Table 4.3: Yield values for the cases where the TASR experiment was repeated on three different
templates under the same conditions of 80 VAC transducer input voltage and 8% assembly mixture
water concentration by volume
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Figure 4.4: Optical micrographs of a template on which the TASR experiment was performed three
times under the same conditions of 90 VAC transducer input voltage and 20% assembly mixture water
concentration by volume
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Figure 4.5: Optical micrographs of three different templates on which the TASR experiment was
performed under the same conditions of 80 VAC transducer input voltage and 8% assembly mixture
water concentration by volume
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4.3.1 Interfacial Energy
The interfacial energy of the water-acetone mixture at different water
concentrations with the template surface is determined using goniometry, as
explained in Section 3.6. The contact angle Oc. is measured multiple times for
each concentration, and averaged, to account for effects such as receding and
advancing contact angles [26]. The surface tension of the acetone-water
mixture yL for each concentration is determined from [40]. The energy of
formation of the SAM surface ys is taken to be 21.8 mJ/m 2 [26]. The interfacial
energy y is calculated for the different assembly mixture concentrations using
(2.2). The results are summarized in Table 4.4, with an uncertainty of ±0.5
mJ/m 2 mainly due to the contact angle variation. Figure 4.6 plots the
interfacial energy of the assembly mixture versus water concentration by
volume. Interpolation is used to calculate the specific values of y for the water
concentrations used in the assembly experiment, namely 4%, 8%, and 20%.
Water concentration by 1 (mj/M2) Average On (0) 7 (Mj/M2)
volume (%) +0.5 mJ/rn
0 23.1 29.3 1.66
1 23.24 35 2.76
5 23.8 43.5 4.54
10 24.5 47 5.09
20 27.6 55.5 6.17
50 30.1 64 8.61
Table 4.4: Values of the surface tension (YL) of water-acetone mixtures of different concentrations,
along with the goniometry results for the average contact angle(Oc0 1.) and interfacial energy (y) of these
mixtures with the SAM coated oxide surface
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Figure 4.6: Plot of the interfacial energy of the acetone-water mixture with the template surface versus
the volume concentration of water in the mixture
4.3.2 Assembly Mixture Properties
As mentioned above, the interfacial energy y of each of the three
different acetone-water mixtures with the template surface is calculated by
interpolation from Figure 4.6. Fluidic and elastic properties of the mixtures,
such as the density p, the viscosity g, and the bulk modulus K, are calculated
by weighting the corresponding properties of pure water and pure acetone by
the volume concentrations of water and acetone in the mixture. Thus, the
property P of a mixture which is X% water by volume is calculated from the
values P, and Pac of the property for pure water and pure acetone
respectively, according to the relation:
P = AP. +(I- )PIC (4.1)100 100
After finding the bulk modulus and the density for each mixture
concentration, the speed of sound c in the mixture is calculated using (2.32).
The density, viscosity, and bulk modulus of pure water and pure acetone at
room temperature are given in Table 4.5, and are taken from [40]. The
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different properties of the assembly mixtures used in the experiment are
calculated in Table 4.6.
Property Water Acetone
@a 20*C @20*C
p (kg/M3) 1030 791.6
p (Pa-s) 1.029.,10-3 3.230. x10-4
K (N/M2) 2.2 , 10"' 1.2,1l09
Table 4.5: Values of the density (p), viscosity (p), and bulk modulus (K) of pure water and pure
acetone at 20 'C
Water concentration 4% 8% 20%
by volume
y(± 0.5xI0-7J/m2 ) 4.10x. -0 4.70x IW" 6.17x10-'
p (kg/m 3) 801.1 810.7 839.3
S(Pa-s) 3.5I2x 1 3.795lI 4.642 x10
4
K (N/m2) 1.24E x109 1.28E x109 1.40 x109
c (m/s) 1244.1 1256.6 1291.5
Table 4.6: Values of the interfacial energy (y) with the SAM coated oxide surface. the density (p),
viscosity (p), the bulk modulus (K), and the speed of sound (c) for the different acetone-water mixtures
used in the TASR experiment
4.3.3 Retention Force and Moment
The nominal contact area An is calculated for the different
configurations of spheres in holes versus radial horizontal distance r from the
center of the hole, as described in Section 2.2.3. This is done after fitting a
curve to the cross section of each hole size using SPIP. Figure 4.7 shows a
sample cross section of the small hole and the associated fitted curve. The
adhesive distance da is taken to be 1.5 nm [21] as mentioned in Chapter 2.
Figure 4.8 plots the fractional nominal contact area , defined as An divided by
the total sphere area (41R,2) versus r, for a small sphere in a small hole (a), a
large sphere in a large hole (b), and a small sphere in a large hole (c). The
change in contact area versus rolling angle y is calculated numerically as
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described in Section 2.2.5. The value of the tangent angle 0 at which this
change is largest in magnitude, is found to be 47.10 for the small sphere in the
small hole, 40.20 for the large sphere in the large hole, and 40.40 for the small
sphere in the large hole. These values of 0 are later substituted in (2.54)
through (2.58) to calculate the removal moments due to the fluidic forces. The
change in contact area versus rolling angle ip for the case of a large sphere
over a small hole is found to be 5.56x10 m2/rad. The positive value indicates
that the contact area actually increases as the large sphere rolls out of the
small hole, which means that for this case, both the adhesion and the fluidic
moments attempt to remove the sphere from its location above the small hole
and onto the flat substrate.
E
Equation of fitted curve
0
E
0
Z
.0
0
Fitted curve
41
Hole profile
Horizontal distance from center of hole, r (nm)
Figure 4.7: A plot of the small hole profile and the corresponding fitted curve using the SPIP image
processing software, which automatically performs curve fitting and displays the resultant equation
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Figure 4.8: Plots of the fractional nominal contact area, given by A0/(4nRp2 ), versus horizontal
distance r from the center of the hole, for : (a) a small sphere in a small hole, (b) a large sphere in a
large hole, and (c) a small sphere in a large hole
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The average values of the rms roughnesses O and op and peak heights
hh and hp of the substrate and component surfaces, respectively, are found
from surface analysis roughness using the post-processing software package
Nanoscope. The average values of these parameters are summarized in Table
4.7. The roughness and height values are taken to be the same for both sizes of
spheres since their surface coatings are identical and are produced using the
same method. The values of Oeq and heq are determined using (2.18) and (2.19)
to be 0.850 nm and 3.10 nm respectively. The average roughness factor Cr is
determined using (2.20) to be 0.03, with an error of ± 0.015 resulting from the
variation of the rms roughness and peak height over the template surface.
[p(nm) uh (nr) h p (nm) hh (nm) Cr ± 0.015
0.681 0.508 3.83 2.37 0.03
Table 4.7: Surface analysis results for the rms roughnesses of the component (up) and template (Oh)
surfaces, the peak heights of the component (he) and template (hh) surfaces, and the resulting
roughness factor (C,)
The retention force Fret and retention moment Mret are calculated using
(2.26) and (2.30) after all the parameters appearing in these two equations
have been evaluated, and using (2.31) to approximate the differentials. The
nominal values of the retention force and moment for each of the three
assembly mixture concentrations, for the cases of a small sphere in a small
hole, large sphere in large hole, small sphere in large hole, and large sphere in
small hole, are given in Tables 4.8 and 4.9.
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Water concentration 4 8 20
by volume (%)
F,,, (s in s) (N) 2.49 x 10-' 2.86 x 10-" 3.75 x 10~'
F,., (L in L) (N) 2.82 x10-' 3.23 x10- 4.24 X10-7
F,e, (s in L) (N) 1.81 x 10-9  2.07 x 10-9 2.72 x 10-
Fre, (L in s) (N) 2.60 x 10-9 2.98 x 10-" 3.91 x 10"
Table 4.8: Magnitude of the total vertical retention force (Fre,) acting on a small component in a small
hole (s in s), large component in a large hole (L in L), small component in a large hole (s in L), and
large component over a small hole (L in s), for the different assembly mixture concentrations used in
the experiment
Water concentration 4 8 20
by volume (%)
Mre (s in s) (Nm) 6.87 x 7.88 x 1.03 x 10-
Mr, (L in L) (Nm) 1.51 x 10" 1.73 x 10'-" 2.27x 10-
MMe (s in L) (Nm) 5.03 x 0 5.77 x 0- 7.58 X 10-2
M,, (L in s) (Nm) -7.66 x 02 -8.79 x 1.-2 -15 x 10~'
Table 4.9: Magnitude of the total retention moment (Me) acting on a small component in a small hole
(s in s), large component in a large hole (L in L), small component in a large hole (s in L), and large
component over a small hole (L in s), for the different assembly mixture concentrations used in the
experiment
4.3.4 Removal Forces and Moments
The intensity of the ultrasonic beam incident at the template was
determined for an input voltage Vo = 45 VAC to be Jo =17.12 ± 11.32 W/m 2 by
Jung [21], for an experimental setup and conditions which are otherwise
identical to what we have. The approach used calorimetry to determine the
fraction of the input power to the transducer which is transmitted to the water
in the large beaker. Then wave mechanics principles were used to transform
this power into an incident intensity at the template surface, by accounting for
the finite area on the transducer from which the beam is radiated, the
template area, and the distance between the template and transducer. Since all
these factors are kept the same in our experiment, while only varying the
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input voltage, we assume that the intensity I at a given voltage V is related to
the intensity Io at the voltage Vo according to the simple power-voltage
relationship derived from Ohm's law and the fact that the resistance of the
power supply is constant:
1= 10 (4.2)
The nominal values of the acoustic intensity incident at the template surface
for the range of input voltages used are given in Table 4.10.
Input Voltage (VAC) 50 60 70 80 90 100 110
Nominal intensity 1 21.14 30.44 41.43 54.11 68 .4 8  84.54 102.30
(W/m2)
Table 4.10: Values of the the nominal acoustic intensity (1) at the template surface for the different
input voltages used in the experiment
The relative velocity U of the fluid with respect to the components is
then calculated from equation (2.37). It is found to be in the range 2.056 x10-
m/s to 1.543x10-2 m/s. The Reynold's number Re is calculated after that and
its maximum value is found to be of the order of 10-2, which is <<1, thus
satisfying the creeping flow criterion. By using the nominal intensity values
from Table 4.10, the material properties from Table 4.6, f = 1.7 x106 Hz, and
(2.43), (2.45), (2.49), (2.52), and (2.53), the nominal values of the added mass,
viscous drag, Basset, acoustic streaming, and radiation pressure forces are
calculated, for the different water concentrations and different input voltages
to the transducer. For the Basset force, the acoustic boundary layer thickness 6
is calculated using (2.47) and is found to be approximately equal to 0.2 gm,
which is on the order of the component radii, indicating that the Basset force
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must be considered. The total removal (lift-off) force is taken to be the
radiation pressure force, since this is the only vertical non-oscillatory force, as
described in Section 2.4. The total removal (roll-off) moment is obtained using
(2.60) after the individual moments due to the different forces are calculated
using (2.54) through (2.58), and the phase differences between the primary
forces are accounted for using (2.59). The values of the five individual forces,
along with the total removal force and total removal moment, on both the
small and large components are given in Table 4.11 for the case of the 8%
water mixture at an input voltage of 80VAC, as a sample case. The
calculations are carried out in the same way for all other combinations of
input voltage and water concentration.
Small component Large component
(Rp=318 nm) (R,=l pm)
Added mass force (N) 4.25 x10~2 1.32 x]O")
Viscous drag force (N) 1.66x10~" 5.21 x10"
Basset force (N) 2.52 x 10" 2.49 x10
Acoustic streaming force (N) 3.56 x10- 3.56 XIO14
Radiation pressure force (N) 1.49 x10-23 1.44 x10-2"
Total lift-off force (N) 1.49 x10-23 1.44 x10-2)
Total roll-off moment (N-m) 9.31Tx0- 2.47 x- T'
Table 4.11: Magnitudes of the individual fluidic removal forces along with the total lift-off force and
roll-of moment acting on the small and large components for the case of an 8% water by volume
assembly mixture at a transducer input voltage of 80 VAC
The values of the total removal force Frem and total removal moment
Mrem for each size of components at the different input voltages and assembly
mixture concentrations are shown in Tables 4.12,4.13, and 4.14.
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Input Voltage 50 60 70 80 90 100
(VAC)
Frem on small 6.1 10-4 8.80 X10-2 1.20 X10-3 1.56 X10-3 1.98 X10-' 2.44 X 10-
component (N) X
Fm on large 5.91 x10-2' 8.51 x 1 1.16 x10-20 1.51 x10-20 1.91 X 1020 2.36 X10~
component (N)
Mrem on small 5.69x xIr 6.83 x]-'8 7.97 x 10-8 9.11 x] I.2x 1.14 x10
component (Nm)
M,,m on Iarge 1.50 6x10- 1.80 x0 2. 10 x 10-" 2.40 x- 2.70 x10' 3.00x04
component (Nm)
Table 4.12: Magnitudes of the total lift-off removal force (Fem) and roll-off removal moment (Mmm)
acting on the small and large components for the 4% water by volume assembly mixture case at the
different transducer input voltages used
Input Voltage 50 60 70 1 80 90 100
(VAC)Fe 5.81 102 14 X02 10-3 1-2
rem on small 5.81 x10 8.37 xl0" 1.14 x10- 1.49 x10-2 1.88 2.33x10
component (N)
Femm on large 5.6Y2 x0~" 8.09 X10~2 1.10 x10-2' 1.44 x10-2) 1.82 X10-20 2.25 X10-20
component (N)
Mrem on small 5.94x 10-'8 7.310- 8.32 x10-'8 9.51 x10-" 1.10 1.ix0
component (Nm)
Mm on large 1.54T x0 6 1.85x1044 2.16 X10-16 2.47 x10-' 2.77 XI-6 3.08 x10-
component (Nm) , I I I I I
Table 4.13: Magnitudes of the total lift-off removal force (Fem) and roll-off removal moment (Mrem)
acting on the small and large components for the 8% water by volume assembly mixture case at the
different transducer input voltages used
Input Voltage 60 70 80 90 100 110
(VAC)
Fm on small 7.30 X10-4 9.93 X10-4 1.30 X10~ 1.64 X10- 2.03 X10- 2.45 X10-
component (N)
Frem on large 7.06 x10- 9.60 x10-2 1.25 xl O .59xl0-4 1.96xI0" 2.37xx 10
component (N)
Mrem on small 7.98 xI0r 9.31 x - Uo 1.06 x 10" 1.20 x10- 133 x0" 1.46 x1
component (Nm)
Mrm on large x 2.32 x 2.65 x 10-' 2.98 x7~ 3.31 x ' 3.64 x0-
component (Nm) I
Table 4.14: Magnitudes of the total lift-off removal force (Frem) and roll-off removal moment (Mem)
acting on the small and large components for the 20% water by volume assembly mixture case at the
different transducer input voltages used
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4.4 Discussions
4.4.1 Repeatability
As mentioned in Section 4.2.3, the yield results are found to be
repeatable, for the same combination of input voltage and assembly mixture
concentration, to within an error of 3%, when the experiment is conducted on
a single (recycled) template and also on different templates. However, this
repeatability in results is only achievable after numerous other factors, which
do not explicitly enter into the analytical model, are kept fixed between
different runs of the experiment. These other factors are mainly:
* Location of the template inside the assembly beaker
* Total volume of the assembly mixture
* Average concentration of components in the assembly mixture
* Position of the assembly beaker with respect to the large beaker (which
contains water and the transducer)
* Volume of water in the large beaker
* Position of the transducer with respect to the large beaker
The location of the template inside the assembly beaker and the
positions of the assembly beaker and the transducer with respect to the large
beaker (and hence with respect to each other) affect the flow field
configuration by changing the boundary conditions of the assembly mixture
subjected to the ultrasonic beam. The total volume of water in the large
beaker affects the height or distance x in (2.38), and hence the intensity of the
acoustic beam at the template surface. The concentration of components in the
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assembly beaker most likely affects the degree of attenuation of this beam,
thus changing the coefficient a in (2.38). This concentration also affects the
frequency of impact between components and substrate. The total volume of
the assembly mixture affects the degree to which this mixture is stirred for a
given transducer voltage. In all cases, there is a change in the fluidic removal
forces as well as in the stirring of the assembly mixture as a result of a
variation in any of the above factors, and this affects the yield outcome. The
manner in which each of the above factors is kept fixed was discussed in
detail in Section 3.5.
4.4.2 Yield Results
The following trends are observed in the yield results versus input
voltage and also versus assembly mixture concentration, for the small
components in the small holes and for the large components in the large
holes:
" For a given assembly mixture, the yield increases as the input voltage
is increased up to a certain peak value, after which increasing the
input voltage causes the yield to decrease.
* The peak yield for the small components in the small holes always
occurs at a higher input voltage than for the case of the large
components in the large holes.
* For any given size of components, the voltage at which the peak yield
occurs increases as the water concentration in the assembly mixture is
increased.
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The first observation above can be explained by recognizing the
coupling present between the removal agents and the ability to stir the
medium in the experiment. Stirring in this particular experiment is achieved
by means of the flow field created by the ultrasound, which also acts as a
removal agent. For very low input voltages, there is not enough stirring of
the medium, and components do not have the chance to hit all the locations
on the template where they are to be assembled. This results in a low yield.
As the input voltage, and thus the power, is increased, the medium is stirred
better. At the same time, the removal agents are increasing in magnitude, but
are still not very strong compared to the retention agents. The yield thus starts
to increase, due to the components hitting the appropriate locations and
staying in them. This continues up to a certain value of the input voltage at
which the removal agents become comparable to the retention agents and
stirring is high. Increasing the voltage beyond this point makes removal more
dominant, and thus causes the yield to start decreasing. If, on the other hand,
stirring was achieved by some other method decoupled from the removal
mechanism, the yield is anticipated to be a maximum at the lowest input
voltage used, and to monotonically decrease as the input voltage is increased.
The force contributing to stirring of the components is generally their
inertia, which can be correlated to some of the fluidic forces discussed in
Section 2.3. However, generally speaking, the inertia of a component depends
on its acceleration and thus the input power, or voltage, and also the mass (or
volume) of the component, which is proportional to Rpr. The forces opposing
stirring are mainly those of attraction between components together and
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between components and substrate, due to the presence of the adhesive
SAMs. The adhesive force between components causes them to form clusters
which are harder to accelerate than single components, and also, harder to
assemble since the sizes of the clusters do not match the holes. The adhesive
force between components and substrate causes the components to adhere to
the first locations they hit on the substrate. The adhesive force in both cases is
roughly proportional to the product of the interfacial energy and the square of
the component radius. The ratio of the component inertia to the force
opposing stirring is thus inversely proportional to the component radius.
Hence, for smaller components, the power, and thus input voltage, required
to achieve a certain degree of stirring is larger than that for the larger
components. This explains the second observation above. Also the interfacial
energy increases as the water concentration in the assembly mixture is
increased, as can be seen from Table 4.6. This explains the third observation
above, namely the need for a higher input voltage to achieve a maximum
yield, as the water concentration is increased, for each size of components
used.
4.4.3 Selectivity
From Figure 4.2, we notice that the selectivity of components to holes,
or the degree to which spheres of a certain size refrain from occupying holes
of a different size, is quite high. This can be quantified by looking at the yield
of small components in large holes, which ranges from 0-10%, and that of
large components in small holes, which is almost exclusively 0%.
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For the small components in the large holes, the magnitudes of the
total retention moments from Table 4.9 are much smaller than those of the
total removal moments from Tables 4.12 through 4.14. This explains the very
low yield of small components in large holes, which is desirable. While this
yield must ideally be null, it takes certain nonzero values mainly at high input
voltages to the transducer, as can be seen in Figure 4.2. This effect is mainly
because at these high voltages, the yield of large components in large holes is
itself diminished, which allows the small components to occupy the large
ones' locations. Another reason is the possibility of polymerization in the
large holes due to repeated use of the templates and subjecting them to high
ultrasonic powers. This can modify the local surface geometry at the bottom
of a large hole and make a small component adhere there due to increased
contact surface area. In any case, this effect is an irregularity and can be
avoided if the conditions are tailored to achieve a high yield of the large
components in their corresponding holes.
For the large components over the small holes, we notice that the
adhesive moment is negative, meaning that a component has less contact area
when over the hole compared to when it is over a flat portion of the substrate.
Thus both the adhesive and the fluidic moments in this case act to remove the
component from its location, leading to a zero yield for large components in
small holes, which agrees with the experimental results in Figure 4.2.
131
4.4 Discussions
4.4.4 Defects
Defects are mainly attributed to insufficient stirring (leading to the
formation of clusters of components and their adhesion to certain locations on
the template) as well as the recycling of the templates, which affects the
quality of the coating when repeated a large number of times. In real
nanomanufacturing applications involving component assembly on a
template, each template will most likely be used only once. In our case,
however, this recycling was mainly done to assure repeatability of the results,
eliminating any variations in yield due to fabrication differences between
different templates. Nevertheless, the defect ratio is still low (about 10% at
most) and can be minimized by assuring sufficient stirring and avoiding
excessive use of the same template.
4.4.5 Removal Mechanism
As explained in Section 2.4, removal can take place by either lift-off or
roll-off. Here we evaluate the magnitudes of both effects to show which is
more likely to contribute to the removal mechanism, following the analysis by
Jung et al. [21].
The only fluidic force which contributes to lift-off is the radiation
pressure, which is a secondary vertical force acting normal to the template
and attempting to remove the components away from it. This force is
opposed by an adhesive force attempting to keep the components in their
locations on the template surface. A quick examination of Tables 4.8 and 4.12
through 4.14 shows that the radiation pressure force is orders of magnitude
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less than the adhesive force, eliminating the possibility of removal by lift-off.
From (2.53), the radiation pressure force is proportional to the 4th power of the
ultrasonic frequency, and thus might start having an appreciable effect in lift-
off only in very high frequency applications, as in the GHz range.
Roll-off is contributed to by all five fluidic forces described in Section
2.3. These forces, when multiplied by the appropriate moment arms, produce
moments that tend to roll the components along the substrate surface and out
of the holes. It is noticed that the forces which contribute mostly to roll-off are
mainly the Basset and viscous drag forces for the small components, and the
Basset and added mass forces for the large components. The increased
importance of viscous drag compared to Basset force as the component size
decreases can be seen theoretically by taking the ratio of these two forces
using (2.45) and (2.49). This gives that the ratio of viscous to Basset force is
roughly proportional to 1/Rp. Thus for very small components (smaller than
the sizes we used), it is expected that the viscous drag will have the primary
contribution to removal. Following the same logic, the ratio of the added mass
to the Basset force is roughly proportional to RP from (2.43) and (2.49), which
explains the increased importance of the added mass force as the component
size increases. The secondary forces are found to be many orders of
magnitude smaller the primary forces.
The magnitudes of the removal moments are found to be comparable
to those of the retention moments, indicating that selective removal most
likely occurs by roll-off. This conclusion is the same as that reached by Jung et
al. in [21].
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4.4.6 Model Verification
Jung [21] proposes that there is a correlation between yield and the
difference between retention and removal moments. The theoretical model
assumes sufficient stirring by implicitly assuming that all components come
into contact with the different holes in the substrate, which is only true when
the medium is stirred properly. As a result, we will study the relationship
between yield and retention and removal moments only for the experiments
that were conducted at voltages larger than or equal to those corresponding
to the peak yields in Figure 4.2. For voltages below these values, stirring is
insufficient, and this is clearly not addressed in the proposed model.
Therefore the graphs and discussions that follow in this chapter are for the
subset of conducted experiments where good stirring was achieved.
Figure 4.9 plots yield versus the difference between removal moment
and retention moment for the two sizes of components, each in its
corresponding hole. The resulting data points do not give much insight on the
relation between the experimental findings and the calculations. For each
graph, the data points do not exhibit a clear trend but are rather dispersed.
Also, by taking the difference between the retention and removal moments,
any correlation that can be derived will be clearly dependent on the size of the
components. This can be seen from Figure 4.9 where the difference in
moments is much smaller in magnitude for the small components than the
large ones.
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a 4% water A 8% water * 20% water
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0.80 M
2 0.60
0.40
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0.00 - -
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Retention moment minus removal moment (N-m)
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Figure 4.9: Plot of yield versus difference between retention and removal moments for different input
voltages and assembly mixture concentrations for the cases of: (a) large spheres in large holes and (b)
small spheres in small holes
Therefore we conclude that for our case, a clear correlation between
yield and the difference in moments does not exist. We thus try to correlate
the yield with some other parameter describing the relative strength of
retention and removal moments, and which might not have been addressed
in [21]. When this parameter is taken to be the retention to removal moment
ratio (t/m), a clear correlation is seen. This is shown in Figure 4.10 which
plots yield versus t/m. In this figure, the data points corresponding to
different sized components in different holes, and for different input voltages
and different assembly mixture concentrations, all converge on a single curve
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of yield versus t/m. This curve starts from almost a zero yield for t/m = 0,
increases roughly exponentially to a certain value of t/m, and then saturates
at a yield approximately equal to 1. This full yield is expected to be achieved
in reality when the t/m ratio is made sufficiently high (about 8 for Figure
4.10) and when the experiment is conducted in a manner such that stirring is
decoupled from the removal forces.
4%water: *sins *LinL +sinL Lins
8%water: sins x'LinL -sinL Lins
20%water: *sins *LinL -sinL Lins
1.00
0.80
0.60
0.40 p
0.20
0.00
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Ratio tim of retention moment to removal moment
Figure 4.10: Plot of yield versus the ratio of retention moment to removal moment for different input
voltages and assembly mixture concentrations and for different combinations of sphere and hole sizes
(legend convention explained in Section 4.2.2)
4.4.7 Uncertainties and Curve Fitting
The above correlation and the fact that all data points converge onto
one curve motivates finding an equation for yield as a function of the ratio
t/m by curve fitting. Before that is done however, the uncertainties in the
values of both the yield and t/m must be evaluated.
The error bar in the yield is taken to be ±1.5%, corresponding to the
maximum error value of 3% obtained from the repeatability analysis in
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Section 4.2.3. The errors in calculating the t/m values are not statistical errors
but rather due to difficulties in characterizing precisely certain parameters on
which these values depend. These parameters are mainly the interfacial
energy y, the roughness factor Cr, and the original intensity at the template
surface at 45 VAC which we called I., from which the values of the intensity I
at different input voltages are calculated using (4.2). The interfacial energy
variation, equal to ±0.5 mJ/m 2, is due to different values of advancing and
receding contact angles during performing the goniometry experiment. The
uncertainty in Cr, equal to ±0.015, is due to the fact that different parts on the
template surface have difference rms roughnesses and peak height values.
The error in I,, equal to ±11.32 W/m 2, is due to uncertainties in the
calorimetry experiment and the manner in which 1 was calculated
analytically.
Instead of representing these uncertainties as error bars on the graph
correlating yield to t/m, the extreme values of these parameters are used to
calculate the maximum and minimum t/m values corresponding to the yield
results. Maximum t/m values correspond to maximum values of y and C, and
minimum values of Io. Minimum t/m values correspond to minimum values
of y and Cr and maximum values of Io.
The resulting t/m values are then plotted along with the nominal
values from Section 4.4.5 versus yield. The correlation in all three cases takes
the same form, starting from almost zero yield for very low t/m values,
increasing exponentially, and then finally saturating with a full yield (equal to
1) after a certain value of t/m is reached. The value of t/m corresponding to
137
4.4 Discussions
the onset of full yield is approximately 3, 8, and 20 for the minimum, nominal,
and maximum t/m cases, respectively. Only the numerical values on the
fitted curves differ for the three cases while the shapes of the curves are
similar. Figure 4.11 shows the data points and the fitted exponential curves
and their equations. The correlation coefficient for each of these curves is
found to be 0.977, indicating that the data points follow the curves closely. It
should be mentioned that at very low t/m values, the yield values that were
used are those for the small components in the large holes, where the yield is
close to (but not exactly) zero, and not for the large components over the
small holes, where the yield is identically zero, to avoid asymptotic behavior.
It is understood, however, that when the ratio t/m is exactly zero (or
negative), the yield is expected to be identically equal to zero. It should also
be noted that some of the parameters in the theoretical model (such as the
values of some of the fluidic removal forces) were calculated using order-of-
magnitude expressions. Thus the exact fitted curves (which correspond to the
exact values of these parameters) may in reality saturate at slightly different
values from what was calculated here, while still following the same trend.
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Figure 4.11: Plots of yield versus the ratio t/m of retention moment to removal moment and the
corresponding fitted curves and their equations, for the minimum, nominal, and maximum values of
t/m, and for different sphere-hole combinations, transducer input voltages, and assembly mixture
concentrations
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Conclusions and Recommendations
5.1 Conclusions
Templated assembly by selective removal or TASR was presented as a
nanomanufacturing method which uses template topography, SAM-induced
adhesion, and ultrasonic fluid flow to assemble components selectively on a
common substrate. TASR is a parallel, fast, cost effective, and high-yield
method capable of assembling components that are not necessarily periodic in
shape or arrangement and that can be made of different types of materials.
An experiment was described where TASR was used to assemble silica
spheres of two diameters, 2 ± 0.06 pm and 636 ± 19 nm, on a patterned
template having a silicon oxide surface. The template was fabricated using
oxidation and two levels of e-beam lithography and isotropic etching. This
produced nearly-hemispherical holes of two different sizes in the oxide layer
which were complementary to the shapes of the spherical components. The
template and components were then coated with octadecyltrichlorosilane
(OTC) based SAMs to render their surfaces hydrophobic. This was done to
promote adhesion between the components and the template in a water-based
medium. The components and template were then placed in water-acetone
mixtures (called the assembly mixtures) of varying water concentrations and
an ultrasonic transducer was used to direct a sound wave at these mixtures.
The intensity of the wave was varied by changing the input voltage to the
transducer. The flow field created due to ultrasound stirred the assembly
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mixtures assuring that the components were colliding with the template in
different locations. The flow field also created fluidic forces and moments
that were aimed at displacing the components from their locations. Once a
component was in a hole, the relative strengths of the adhesive retention
factors and the fluidic removal factors determined whether the component
stayed in its location or was removed. When the component was in a hole that
matched its shape, the magnitude of the retention factors was stronger due to
large contact surface area, and assembly was achieved. When a component
was in a non-matching hole or on a flat portion of the substrate, the fluidic
factors dominated and the component was removed. This in turn resulted in
selective assembly.
A first-order theoretical model aimed at explaining the physics of
TASR and developed by Jung et al. [21] was described and used after minor
adjustments to correlate the theory to the experimental findings. The model
evaluated the retention forces and moments due to adhesion after
determining the interfacial energy of the assembly mixtures with the SAM-
covered template surface, the nominal contact area between each size of
components with each size of holes, and the effective surface roughness of the
component-template interface. The model also evaluated the fluidic forces
acting on the components. Some of these forces were oscillatory in nature and
due to low Reynold's creeping flow over the components, and these were
termed primary forces. Others were non-oscillatory with nonzero time
averages, and were directly related to the presence of the acoustic wave and
not only the flow field. These were termed the secondary forces. After
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comparing the magnitudes of these forces and the moments they produced
with their adhesion counterparts, it was concluded that removal was achieved
by roll-off of the components from the non-matching holes along the template
surface. The main forces contributing to roll off were the Basset and viscous
forces for the small components and the Basset and added mass forces for the
large components. These forces were larger in magnitude than the secondary
forces, and comparable to the adhesion forces. They allowed roll-off to be an
irreversible process despite their oscillatory natures, because of the change of
the eccentricity of the component with respect to the template from a nonzero
value when the component is in a hole to zero when the component reaches
the flat surface. Thus the dominant removal forces produced nonzero
moments on the components while still in the holes, causing them to roll off
until they reached the flat regions of the substrate. Once there, the moments
suddenly became zero due to the lack of eccentricity, preventing components
from rolling back again into the holes. The alternative lift-off approach, where
non-oscillatory forces normal to the template surface caused direct lift-off of
the components, was found unlikely to be the removal mechanism, due to
these non-oscillatory forces being orders of magnitude smaller than the
adhesive forces. This analysis on the removal mechanism was also based on
that by Jung et al. in [21].
Among the new findings of this project, the useful yield, or the fraction
of holes that were filled with the matching size of components, was found
experimentally to increase with the transducer input voltage until a certain
value beyond which it started dropping. The maximum useful yield values
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obtained were mostly in the 90% range. Another new finding was the high
selectivity, where the fraction of holes filled with non-matching components
was found to be low, not exceeding 10%. A new finding was also the fact that
the yield results were repeatable to within an error of 3%, after a set of
conditions in the experimental set-up were kept fixed. Non-sufficient stirring
of the assembly mixture was suspected to be the main factor causing low
yield at the low input voltages. Stirring was also the primary cause why the
small components achieved a maximum yield at higher input voltages than
the large components, and why the input voltages corresponding to
maximum yield for both sizes of components increased as the fraction of
water in the assembly mixture was increased. These last two observations
were also among the new findings of this project.
Since the theoretical model assumed sufficient stirring, the data points
studied for model comparison and verification were only those where the
voltages used were greater than or equal to the voltage corresponding to the
maximum yield in each case. It was concluded that the yield is strongly and
consistently a factor of the ratio of the retention adhesion moment to the total
removal roll-off moment. This was altogether a new correlation different from
that used in Jung's model [21] where yield was presented as a function of the
difference between the total retention and removal moments. The trend seen
in our case was that yield started from almost zero values when this ratio was
very small, increased exponentially, and finally saturated at about 100% when
this ratio reached a certain value. Data points corresponding to different input
voltages, assembly mixture concentrations, and component and hole sizes all
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converged following this trend. Due to uncertainties in calculating some of
the parameters in the theoretical model, the retention moment to removal
moment ratios were calculated for three cases representing the minimum,
nominal, and maximum values of this ratio, and three curves were fitted to
the corresponding data points. The ratio beyond which yield became about
100% was found to be approximately 3, 8, and 20 for the three cases
respectively. This new result is believed to be very important because it leads
to the conclusion that full yield could in principle be achieved by controlling
the experimental conditions to produce these ratios. However, for that to
happen, the assembly mixture stirring mechanism must at the same time be
decoupled from the removal mechanism, to allow the removal moment to be
controlled separately and kept low in magnitude while independently
achieving good stirring.
Our success in simultaneously assembling different sized components
on a common substrate demonstrates the feasibility of using TASR for
building potential functional nanodevices. Such nanodevices would
inevitably require the assembly of components of different shapes and sizes.
This project has demonstrated that components that vary by a factor of 30 in
volume can be assembled at the same time and that high yield and selectivity
can be achieved, when the experimental conditions are tailored properly.
These findings serve as initial proof that TASR can be used in practical
applications. The theoretical study and the comparison with the experimental
results enhance the understanding of the process altogether and highlight the
conditions where full and selective yield is to be expected. In doing so, they
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also facilitate the construction of devices using the TASR approach in the
future.
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5.2 Recommendations
5.2.1 Improving the Experiment
There are various ways by which the experiment can be improved.
First, as mentioned above, full yield can in theory be achieved when the
experimental conditions are controlled such that the retention moment is
larger by a certain ratio than the removal moment, while assuring that the
medium is stirred properly. Since in our experiment, medium stirring was
coupled to the ultrasonic flow field and hence to the magnitude of the
removal moment, we were not able to reach that ratio while assuring
sufficient stirring. The experiment can be modified to decouple the two
effects. One way by which this decoupling might be achieved (but which
needs further study) is by using a magnetic stirring bar. Such a bar is placed
inside the beaker containing the solution to be stirred (the assembly beaker in
our case), and rotates in synch with a rotating magnet placed beneath that
beaker. There are various means for rotating the magnet, ranging from the
simple such as passing a liquid or gas flow over it, to the more sophisticated
such as using an electrical motor. The magnetic field created is not influenced
by the glass in the beaker, and it acts on the bar causing it to rotate, which in
effect stirs the medium. These bars are available commercially (Fisher
Scientific for example) at different sizes, ranging from less than a millimeter to
a few centimeters, along with the driving magnets and their rotation
mechanisms. The ultrasonic transducer would still be used to create the
removal fluidic forces and moments. However, it can now be operated at
lower powers as stirring is independent of the input voltage in this case. This
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will in turn yield larger retention to removal moment ratios. While the bar can
be placed in the center of the assembly beaker, the template can be slightly
displaced to the side to assure no physical contact takes place between the
two. The experiment can be conducted anew to determine the values of these
ratios at which yield saturates for the new setting. This is because the
presence of the bar in the mixture will change the acoustic flow field
configuration and hence the values from what was calculated previously.
Once these new values are determined, however, the input voltage and
assembly mixture concentration can be manipulated to achieve them, leading
to full yield. The feasibility of using a magnetic stirring bar to circulate
nanocomponents successfully and the optimization of its performance in this
kind of setting are yet factors that need to be studied carefully.
Another aspect in which the experiment can be modified is the
template fabrication process. The holes that were achieved after etching were
not perfect hemispheres. One reason behind that was the fact that the etching
initiation spots produced by e-beam lithography had somewhat large areas
(even though they were still much smaller than those that would result from
using conventional optical lithography). To minimize the sizes of these spots
further, either the e-beam operation should be optimized to achieve better
resolutions, or a different approach can be used for patterning the resist. An
example of such an approach is nanoimprinting, where a solid "master"
template which contains the inverse of the desired resist pattern is fabricated
and used as a mold. The mold can be fabricated using any of the lithographic
techniques optimized for nanofabrication, such as e-beam, scanning probe,
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etc... The difference in this case is that the chosen technique is used and
optimized only once, after which the mold can be used for patterning the
templates intended for assembly. Patterning is achieved is by spinning a
thermoplastic polymer (such as PMMA) on the surface of the substrate where
assembly is desired, heating the polymer above its glassy temperature, and
then pressing the mold into the polymer layer to transfer the desired pattern
to it. This approach has been known to achieve resolutions of 10 nm or less
[41].
Also, the delamination of resist at the edges contributes to making the
hole shapes deviate from being perfect hemispheres. This effect can be
minimized by enhancing the adhesion between the oxide surface and the
resist. That can be achieved by baking the resist to a higher temperature to get
better adhesion while making sure it doesn't crack. An alternative method is
using an adhesion promoting layer between the resist and oxide surface. Or a
new resist can be used which has better adhesion to the oxide while still being
compatible with the lithography process chosen. For the last two options,
more research needs to be conducted to find or develop the materials that
exhibit these characteristics.
If e-beam is used as the lithography approach after being optimized,
either for proof of concept demonstrations as we have done here, or for
fabricating a master mold for nanoimprinting as described earlier, the
alignment between different e-beam levels can still be improved. In our case
we had misalignment of about 200 nm between the two levels, which may not
be acceptable in certain applications requiring precise positioning of
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nanocomponents. The misalignment was mainly due to the fact that global
alignment was used instead of field-by-field alignment. In global alignment,
the e-beam gun is aligned to the wafer only once at the beginning of the
writing process, and then exposure starts. In field-by-field alignment, the e-
beam gun is aligned to each new field during writing, which gives a much
better alignment. Global alignment is flexible and allows the use of a variety
of shapes and configurations of alignment marks. Field-by-field alignment, on
the other hand, can only be achieved when the alignment marks on each field
resemble closely one of several alignment file layouts programmed into the e-
beam tool. When this is the case, the tool can recognize these marks and align
the wafer accordingly. For the marks to be recognized when using e-beam
tools similar to the one we used, these marks usually have to be etched
vertically to produce steep edges. This means that anisotropic etching, instead
of isotropic etching, must be used. For our case, the marks were etched into
the oxide using wet etching, and hence they had curved sidewalls. To get
marks with steep sidewalls, certain steps must be added to the process flow.
One option is to deposit a gold layer on the oxide prior to etching any holes,
and to pattern the alignment marks anisotropically into this layer (by using e-
beam lithography and lift-off for example). The gold can then be kept in the
regions around the marks and removed elsewhere. Then two consecutive
cycles of lithography and wet etching can be used to pattern the small and
large holes respectively, similar to the steps outlined in 3.2.3 to 3.2.4. This
would allow the alignment to be performed field-by-field and hence improve
it.
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It is important to re-iterate here that e-beam lithography was used as
the patterning technique in our case because it was the most appropriate
technique among those which we had access to, and only for proof of concept.
In industrial applications, using the e-beam top-down approach for each
template intended for assembly makes us lose many of the self assembly
advantages that were outlined in the beginning of the thesis. Therefore,
different techniques should be sought and used in industry in the future to
allow full use of these advantages. Nanoimprinting, which was described
earlier, may be one potential alternative. More future work obviously needs to
be carried out in researching and investigating other alternatives.
Finally, to make the experiment produce repeatable results more easily,
it must be automated in a way that ensures the different elements in the setup
remain in their exact same locations during different runs of the experiment.
For instance, the assembly beaker can be chosen or customized to have a
certain ridge in its bottom, or can be made smaller, in order for the template
to fit exactly in the same place for each run. Template fabrication can also be
slightly modified to impart certain visible marks to the template surface,
away from the assembly area, which can be aligned to marks in the beaker.
This will assure that the templates always have the same orientation with
respect to the beaker and will minimize the variations in the acoustic flow
field between different runs. Also, old and new assembly mixtures
containing the components can be poured out of and into the beaker
respectively, while the beaker remains fixed. This will replace the need to
transport the beaker to the ultrasonic bath to agitate the assembly mixture and
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make sure the components are well dispersed after many runs. Improvements
such as these, albeit small, can make the repeatability of results much less
difficult to achieve.
5.2.2 Future Work
A lot of future work is still required on both theory and experiment to
make TASR a fully understood process that can be reliably and successfully
adopted for nanomanufacturing in general.
The theoretical model must be improved to describe the assembly
process more precisely. Some phenomena which were approximated by order
of magnitude expressions must be studied more carefully. This typically
applies to the exact nature of the acoustic wave, its propagation across the
mixtures in the assembly and large beakers, and its interaction with the solid
bases of the beakers and the template. It also applies to the adhesive forces
and moments acting on the components, where the local phenomena affecting
the adhesion process must be studied more quantitatively to replace the basic
energy analysis. Also, the case of large components settling over small holes
must be studied more carefully as in that case, the removal forces do not act
uniformly over the component. This is due to the sharp change in template
topography over which the component lies. All these factors need to be
studied, most likely using numerical analysis and simulation, since a rigorous
analytic formulation is very difficult to attain due to the complex nature of the
TASR process. This complexity derives from the fact that many of the
mechanisms in TASR are not very well understood in the literature in general
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(such as wave propagation across the multiple media and configurations
encountered here).
Secondly, the model must account for various factors encountered in
the experiment which it currently doesn't address. Specifically, stirring of the
assembly mixture must be addressed and related quantitatively to the
acoustic power if the experiment is to be carried out as described in this
paper. If a separate mechanism is used for stirring, then that mechanism has
to be studied too to determine the threshold below which the medium
becomes insufficiently stirred. In addition, the different factors mentioned in
Sections 3.5 and 4.4.1, which were found experimentally to affect the results
while not mentioned in the model, and which were carefully kept fixed
during different runs to assure repeatability, must be accounted for.
The experiment must also be conducted on non-spherical components.
Most real nanodevices contain components whose shapes do not possess the
geometric simplicity or symmetry of spheres. If TASR is to be used for general
nanomanufacturing, it must account for this fact. The template fabrication
process will have to be modified accordingly. The experiment will then have
to be conducted to find the new yield values. And the model in turn will need
to be developed to account for the changes resulting from the new shapes of
the components. If the yield is found to be high for different component
shapes and sizes, and the model confirms that theoretically, then TASR can be
established as a general method for assembly. Otherwise, the limitations on
the applicability of TASR must be taken into account during
nanomanufacturing.
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From a practical point of view, TASR must be used to fabricate useful
devices. In this paper TASR was used to demonstrate that selective assembly
of components of different sizes can be achieved, which suggests the
feasibility of constructing functional nanodevices using this approach once
certain experimental conditions, that were outlined earlier, are met. This,
however, must be extended to include the actual construction of complete
functional devices, similar to those outlined in Section 1.5, or even new
devices inspired from the nature of the assembly process. One of the listed
applications where TASR can be used is the fabrication of single electron
devices, such as transistors or pumps. In these devices, spherical components
similar to those in our experiment can be used to form islands. By decreasing
the sizes of the components, it might be possible to operate the single electron
devices at close- to-room temperatures. TASR may also be used to form
electrical connections to these devices by assembling nanotubes and nanorods
or clusters of nanospheres appropriately. Among the newly inspired
applications, TASR can be used to fabricate sorters, capable for instance of
discriminating between different solid nanocomponents contained in
mixtures, based on the sizes and shapes of these components. For these
applications, each template will have to be fabricated to match the shapes and
sizes of some of the components only, hence attracting these exclusively. The
mixture can also be subjected to a series of TASR processes by passing it over
different templates patterned into different shapes. This in turn will separate
the components that co-existed in the original mixture. Such devices can be
very useful in chemical or biological applications.
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We conclude by stating that TASR stands as a potential candidate for
the parallel mass manufacturing of nanodevices at high speeds and yields and
with relatively low costs. The range of applications to which TASR can in
principle be applied is very wide. In this paper, the success of applying this
process for assembling structures with a modest degree of complexity has
been demonstrated, coupled with a first order model describing the process
and confirming the experimental results. To be able to employ TASR for
nanomanufacturing in general, both the experiment and the model have to be
developed, improved, and carefully adjusted to meet the different criteria
encountered in fabricating practical nanodevices for real-life applications.
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